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 An experimental study on impaction of a single drop on solid surfaces was 
conducted to show the effects of particles on the impact process.  The effects of the 
following particle parameters were investigated: volume fraction of particles (0 to 0.3), 
particle size (0.47 to 250 µm), and ratio of particle size to drop size (0.00017 to 0.074).  
The effect of particle volume fraction on the spreading process depends on 
impact speed and substrate.  At low impact speed, particles have little effect on the 
spreading except for surfaces where the equilibrium contact angle is low.  For this case, 
the maximum spreading ratio of particle-laden drop is lower than that of pure liquid drop.  
The liquid spreads to the equilibrium spreading ratio with almost no overshoot for the 
glass slide and silicon oxide wafer, and with a small overshoot for the Teflon® film (for 
the 690-µm drop, no overshoot occurs on Teflon® film).  For high impact speed, the 
influence of particles on spreading can largely be described by the effective viscosity: as 
particle volume fraction is increased, viscosity increases, and Re is decreased; as a result, 
the particle-laden liquid does not spread as far as pure liquid. 
The effect of particle size on the spreading process also depends on impact speed 
and substrate.  Since spreading is dominated by liquid-surface interfacial energy at low 
impact speed, the drop does not have enough kinetic energy to overcome the energy 
 xv
barrier associated with the large particles, consequently Dm* is lower for the drop 
containing 250-µm particles.  The effect of particle size is small for the impact speed of 
2 m/s and for φ = 0.1 and 0.2.  For all surfaces and φ = 0.3, Dm* is largest for dp = 40 µm, 
second largest for dp = 250 µm, and smallest for dp = 6 µm; however, the difference in 
Dm* for the glass slide and silicon oxide wafer is small.   
For particle-laden liquids, retraction depends on particle volume fraction, φ, and 
ratio of particle diameter to drop diameter, dp/d.  When pure liquid drops retract from 
Dm*, the retraction appears to be symmetric around the point of impaction.  In contrast, 
sometimes retraction of the particle-laden drop is asymmetric.  The wetted area is not 
circular and particle distribution appears to be non-uniform.  Drops containing 250-µm 
particles do not retract beyond the equilibrium position even for φ = 0.1 while other drops 
retract beyond the equilibrium position. 
Rebounding on the Teflon® surface depends on impact speed, particle volume 
fraction and particle size.  The impact speed must reach a critical value for rebounding 
to occur.  For 3.2-mm water drops, rebounding is observed at an impact speed as low as 
0.42 m/s.  The addition of particle affects rebounding.  At low concentrations, the drop 
stretches further up before a drop is pinched off; however, if particle fraction is increased 
sufficiently, no rebounding occurs.  Particles increase the viscosity of the liquid, and at 
high φ, the viscosity is sufficiently high to prevent pinch-off.  At low φ, stretching for 
 xvi
the particle-laden fluid is greater that of pure liquid and pinch-off can occur at a weak 
point devoid of particles. 
For larger pure liquid drops, Mao et al.’s rebounding model (1997) correctly 
predicts when rebounding occurs; however, it fails for the 690-µm pure liquid drop and 
for most of the particle-laden drops, especially for high φ.  The failure of the model 
indicates that the effect of particles on rebounding are due to factors other than apparent 
viscosity. 
Bouncing results suggest that the probability of bouncing decreases as viscosity 
increases, impact speed increases, and surface tension decreases.  The non-wetting 
behavior and bouncing probably involves an air layer between the surface and the drop, 
and further work is needed. 
When a low-velocity liquid drop impacts on a surface, ejection of a secondary 
drop from the top of the impacting drop is sometimes observed.  Drop ejection is due to 
a spreading capillary wave, which is initiated at the impact point and progresses from the 
bottom of the drop to the top of the drop. The ejected drop eventually falls due to gravity, 
impacts on the mother drop which is spread over the surface, and then bounces several 
times on the mother drop and coalesces with it.  During coalescence, the ejected drop 
sometimes ejects a daughter drop.  When Renardy et al.’s (2003) criteria for the range of 
velocities for existence of a capillary wave is applied to for a 3.2-mm water drop, the 
 xvii
range is found to be between 0.2 to 1.5 m/s.  However, drop ejection was observed at 
impact speed of 0.08 m/s. 
Smaller drops spread faster and reach the equilibrium spreading ratio, De*, sooner 
than the bigger drops for low and high impact speeds. 
When apparent viscosity of the particle-laden liquid obtained from Krieger’s 
equation (1972) was used in the pure liquid models for predicting Dm*, good agreement 
between model predictions and experimental results was obtained.  For impact speeds of 
0.01 m/s and 0.3 m/s, Pasandideh-Fard et al.’s (1996) and Mao et al.’s (1997) model 
greatly over estimate Dm*, especially for the low contact angle; however, Park et al.’s 
model (2003) is in close agreement with the experimental results.  For an impact speed 
of 2 m/s, Mao et al.’s (1997) model overestimated some values while Pasandideh-Fard et 
al. (1996) and Park et al.’s (2003) models are good agreement with the measured 








Studies of the effect of particles in the liquid on the impacting process are 
needed because solids, serving as colorant or binder, are required in “inks” needed for 
a number of nontraditional applications of inkjet technology such as textile printing.   
In addition to inks in textile printing, particles may also be ceramic or metallic 
particles in other applications.  Although progress has been made in the design, 
formulation and utilization of such inks, impaction of particle-laden drops on surfaces 
has received little attention (Ok et al., 2004; Carr et al., 2004).  For that reason, an 
impaction study using particle-laden-liquid drops impacting on solid surfaces was 
conducted. 
The impaction of pure liquid drops is relatively well-understood, and processes 
using inks with soluble dyes have benefited from this understanding.  The goal of the 
particle-laden drop impaction study is to develop understanding of how and why solid 
particles at a range of concentration affect the drop impaction process in order to 
support improved engineering of textile inkjet printing.  Prior works (Park, 2003; 
Park et al., 2003) have established a sufficient database for comparison of the behavior 
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of pure liquid impingement with that of drops with the particles at varying fractions 
and size so that the particulate effects can be identified.  In the study presented here, 
the impact dynamics of particle-laden fluid are discussed, and the effects of the 
following particle parameters are studied: volume fraction of particles, particle size, 
and ratio of particle size to drop size.  An existing model for maximum spreading 
ratio of pure liquid drop is used to predict the maximum spreading ratio for particle 
laden liquid. 
When a low-velocity droplet impacts on a surface, sometimes the drop does not 
wet the surface and bouncing occurs.  Bouncing reported in the literature is believed 
to be due to either the hydrophobicity of the surface (Onda et al., 1996; Bico et al., 
1999; Quéré, 2002; Richard et al., 2000, 2003; Okumura et al., 2003) or surface 
roughness of the droplet (Aussillous et al., 2001).  However, in the present study, 
bouncing was observed on a hydrophilic surface at extremely low impact speed.  
Since this phenomenon has not been reported in the literature, this study includes 
bouncing, as well as spreading and rebounding. 
In this dissertation, the background and literature review are presented in 
Chapter 2.  In Chapter 3, the experimental details are discussed, and the results are 
presented in Chapter 4.  Models for spreading and rebounding are discussed in 




BACKGROUND AND LITERATURE REVIEW 
 
The impaction of pure liquid drop on solid surfaces has been studied for over 
100 years (Worthington, 1876), and there is much in the literature about this subject.  
In contrast to the situation for pure fluids, impaction of particle-laden drop on surfaces 
have received little attention (Ok et al., 2004) despite their importance in a variety of 
applications such as inkjet printing.  Ink properties (viscosity, surface tension, and 
density), substrate properties (surface energy and hydrophilicity/hydrophobicity), and 
drop parameters (drop size and impact velocity) affect the interaction of the impinging 
inkjet drop with the surfaces (Bergeron et al., 2000; Funk, 1985; Oliver, 1988; Park, 
2003; Park et al., 2003; Proebster et al., 1989).  These properties and parameters are 
used to form the significant dimensionless numbers, which are very useful in 
developing models for the droplet impact process on substrates.  The most important 
dimensionless numbers are Reynolds number (Re), Weber number (We), and Capillary 
number (Ca).   Also, contact angle (θ) is used for modeling the maximum spreading 
ratio.  The Reynolds number is the ratio of inertial force to viscous force, and Weber 
number is the ratio of inertial force to surface energy of the impacting droplet.  The 
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Capillary number, which is the ratio of viscously dissipated energy to surface energy, 
equals Weber number over Reynolds number.  The definitions of Re, We, and Ca are 














WeCa ==        (2.3) 
 
where ρ, η, and γ are the density, viscosity and surface tension of liquid, respectively, 
and d and v are drop diameter and impact speed, respectively.  Table 2-1 shows the 
ranges of the physical properties of inks and operating parameters that can be used 
with the different inkjet engines, as well as the dimensionless numbers (Re, We, and 
Ca) associated with them (Tincher et al., 1998a, 1998b; Tincher, 1999; Park, 2003).  
The continuous inkjet engines produce bigger drop sizes and higher impact velocities, 
and require higher ink surface tension and conductivity.  Re and We for continuous 









Table 2-1. Properties of inkjet ink for textile printing (Tincher et al., 1998a, 1998b; 
Tincher, 1999; Park, 2003). 
   
 
Inkjet type 
Drop-on Demand (DOD) Properties Continuous 
Inkjet (CIJ)
Piezo Thermal Inkjet 
Present study
Viscosity (cps) 1 – 10 5 – 30 1 – 3 1-6.2 
Maximum Drop 
Size (µm) 
~ 100 ~ 30 ~ 35 690 - 4000 
Surface Tension 
(mN/m) 
> 40 > 32 > 35 33 – 72 









Re 80 – 2000 2.5 – 120 58 – 350 6.4 – 7900 




In 1876, Worthington observed milk and mercury drops impacting on glass 
plates; however, most significant study of droplet impaction has been done in the last 
twenty years due to development of high-speed photographic techniques.  The two 
major types of investigation of impact dynamics are classified as experimental and 
numerical. 
Experimental studies have been done mostly using imaging capture systems.  
Two main categories of numerical studies are computer simulation and theoretical 
calculation.  Computer simulation models fluid behavior as a function of time using 
computational program code.  On the other hand, theoretical calculation is done to 
model the maximum spreading ratio, Dm* (Dm/d, i.e. ratio of the maximum 
drop/surface contact diameter to drop diameter before impact).  Some literature about 
experimental studies and numerical models for pure liquid impingement are reviewed 
in section 2.2 and 2.3. 
 
2.1. Dynamics of Liquid Drop Impingement 
 
When a drop impinges on a surface, several things can happen (Park et al., 
2003; Ok et al., 2004).  The impact speed of the drop greatly affects the impacting 
process.  At high impact speeds, the drop may break up or flow out radially in what is 
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referred to as crown shape, where the axisymmetric flow is not stable and thus the 
flow is not uniform in all directions (Engel et al., 1955; Ford et al., 1967).  If the 
spreading drop does not break up, the drop/substrate interaction can be separated into 
three stages: spreading, retraction, and equilibrium. 
These processes are illustrated in Figure 2-1, which shows the spreading ratio, 
D* = D/d, as a function of time.  The shape of the curve depends on contact angle, Re, 
and We.  In addition to these parameters, roughness may be important (Range et al., 
1998).  Before the drop impacts on the surface, the drop has kinetic, surface, and 
potential energies.  When the drop impacts on the surface, it spreads over the surface 
until it reaches a maximum spreading diameter, Dm, where the surface energy of the 
drop is at a maximum while its kinetic energy is zero.  At the maximum spreading 
state, the liquid flow changes its direction and recoils inward due to surface energy.  
The amount of retraction depends on several factors including the initial kinetic energy 
of the impacting drop, the surface energy of the liquid, and the interaction energy 
between the liquid and the surface.  In some cases, the liquid will retract to the 
equilibrium position and stop.  In other cases, the liquid will retract beyond the 
equilibrium position and rise in the region of the initial impact.  Under appropriate 
conditions, rebounding will occur where the liquid separates from the surface, rises a 




Figure 2-1.  Impact and spreading process: (a) before impact, (b) maximum spreading, 
(c) maximum retract/rebound, and (d) equilibrium. 
 
 
2.2 Experimental Studies of Pure Liquid Drop Impingement 
 
Most of previous studies (Table 2-2) have been conducted using single-phase 
liquids on smooth surfaces.  In spite of its importance, particle-laden droplet 
impingement has not been reported; however, some studies considered the effects of 
additives in pure liquids such as alcohol, surfactant, and polymer.  In addition, there 
are some interesting droplet impact studies showing the effects of changing 
temperature and impact speed, etc. 
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Table 2-2. Significant parameters in important drop impact studies. 
 
Contact Angle 
(degree) Authors (Year) Liquids Surfaces v (m/s) d (mm) η (cP)
γ 
(mN/
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a. θe is equilibrium contact angle 
θa is advancing contact angle 
θr is receding contact angle 
b. no information in the paper. 
c aqueous solution of nonionic surfactant nonylphenol polyoxyethylene polyoxipropylene (NPOEOP) and the 
anionic surfactant sodium dioctyl sulfosuccinate (DOS). 
d. surfactants are sodium dodecyl sulphate (SDS), octylphenoxy polyethoxyethanol (Triton X-100), and 2-butanol. 




Table 2-2. (continued). 
 
 
Contact Angle (degree) Authors 





m) θea θaa θra 
Re We Dm* 
Thoroddsen 
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-8 1 73 180 b b b 
0.3-
37 N/A
a. θe is equilibrium contact angle 
θa is advancing contact angle 
θr is receding contact angle 
b. no information in the paper. 
c aqueous solution of nonionic surfactant nonylphenol polyoxyethylene polyoxipropylene (NPOEOP) and the 
anionic surfactant sodium dioctyl sulfosuccinate (DOS). 
d. surfactants are sodium dodecyl sulphate (SDS), octylphenoxy polyethoxyethanol (Triton X-100), and 2-butanol. 
e. powder is lycopodium grains having typical size of 20 µm 
f. Impact speeds were not given.  Height of needle above surfaces were 0.20 and 0.29 m. 
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Kim et al. 









a. θe is equilibrium contact angle 
θa is advancing contact angle 
θr is receding contact angle 
b. no information in the paper. 
c aqueous solution of nonionic surfactant nonylphenol polyoxyethylene polyoxipropylene (NPOEOP) and the 
anionic surfactant sodium dioctyl sulfosuccinate (DOS). 
d. surfactants are sodium dodecyl sulphate (SDS), octylphenoxy polyethoxyethanol (Triton X-100), and 2-butanol. 







2.2.1. Effect of polymer additives 
 
Bergeron et al. (2000) found that rebound of water droplet occurred when the 
retraction speed is high.  However, the rebound is suppressed when a small amount of 
polyethylene oxide (PEO) is added to water due to its high extensional viscosity of the 
fluid.  Extensional viscosity is a material property of a fluid which characterizes the 
resistance of a material to stretching; therefore, a fluid having higher extensional 
viscosity tends to have lower rebound.  Crook et al.’s study (2001) confirmed the 
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effect of polymer additives by using a Boger fluid, a liquid whose extensional 
viscosity changes while shear viscosity remains constant.  Several PEO’s with 
different molecular weights were added to water to obtain solutions having the same 
shear viscosity, but different extensional viscosities.  They showed the height of the 
rebounding is reduced as extensional viscosity is increased. 
 
2.2.2. Effects of surfactant additives 
 
Effects of surface tension of liquid were mainly studied using surfactant in 
liquids.  Zhang and Basaran (1995) found that adding surfactant increases spreading 
of the drop; however, the non-uniform distribution of surfactant along the fluid 
interface gives rise to Marangoni stresses (i.e., surface-tension gradient forces) that 
reduce drop spreading.  They also stated that since the contact line between the liquid 
and the substrate is not constant during spreading and retracting, the influence of 
dynamic surface tension on behavior of drops of surfactant solutions is important.  
Mourougou-Candoni et al. (1999) claimed that the surface tension of the drop and the 




2.2.3 Effect of temperature 
 
Chandra and Avedisian (1991) studied the effect of surface temperature on the 
drop impingement process and developed a model for maximum spreading.  When 
water drops impact on a stainless steel surface, they found that the population of 
bubbles within the droplet increased as surface temperature was increased because of 
progressive activation of nucleation sites on the stainless steel surface.  They also 
found that overall droplet shape, particularly in the early stages of impact, was 
unaffected in spite of the presence of bubbles; however, the resting state was 
significantly different.  For higher temperature, the resting diameter was less than that 
for lower temperature because of increased surface energy of the liquid-solid interface. 
 
2.2.4. Bouncing droplet 
 
Droplet bouncing has been observed for two drops impacting each other and a 
single drop impacting a surface.  Lord Rayleigh (1945) noted that small rain droplets 
bounced upon collision with a larger pool of water and attributed the failure to achieve 
coalescence was caused by a layer of air trapped between the two colliding surfaces 
which prevented true contact.   
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Orme (1997) discusses the events that occur when two or more droplets collide.  
Droplet bounce occurs if the surfaces of the droplets do not make contact due to the 
presence of a thin intervening gas film.  The colliding droplets will coalesce when the 
air film thickness reaches a critical value.  This critical value is typically of the order 
of 100 Å.  When two droplets interact during flight, several events may occur, 
including bouncing, stable coalescence, temporary coalescence followed by disruption 
or temporary coalescence followed by fragmentation. The outcome depends on two 
parameters (Weber number and the distance (b) from the center of one drop to the 
relative velocity placed on the center of the other drop), and the fluid properties 
(viscosity and surface tension of the liquid and viscosity and density of air).  Orme 
points out that the behavior of fuel droplet collisions has been found to be notably 
different from the behavior of water droplet collisions.  The behavior of droplet 
collisions is found to be dependent on viscosity of the fluid as well as the surface 
tension and gas properties.  Since the two parameter We and b do not include 
viscosity, critical values of these parameters defining regions of behavior will vary 
with droplet fluid as well as background gas. 
Dell’Aversana et al. (1996, 1998, 2002) showed that noncoalescence occurred 
due to thermocapillary convection.  When drops approach one another, a locally 
hotter region is formed in the center of the cold drop and a locally cooler region is 
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formed in the center of the hot drop.  These temperature variations give rise to 
thermocapillary motion within the drops.  The resultant surface motion of the drops 
gives rise to bulk flow within the ambient gas surrounding the drops, causing gas to be 
swept into the space between them.  This motion produces enough pressure to 
prevent the surfaces from coming into contact. 
The bouncing of a single drop impacting a surface may occur due to the 
hydrophobicity of the substrate (Richard et al., 2000, 2002; Okumura et al., 2003) and 
the surface roughness of the droplet (Aussillous et al., 2001). 
In a study of the impaction of a water droplet on a super-hydrophobic surface, 
Richard et al. (2000, 2002) showed that the water drop could fully bounce on the 
surface without wetting.  The contact remained close to 180° during the whole shock 
(period when the drop is in contact with the surface).  Thus, the drop was not wetting 
the surface during shock; however, the static contact was approximately 170°.  The 
drop deforms during impact, and kinetic energy is converted into surface energy.  
Then surface energy causes the drop to move away from the surface as surface energy 
is converted into kinetic energy.  As the drop rises, kinetic energy is converted into 
the potential energy until kinetic energy reaches zero, and the drop reverses its 
directions. The degree of deformation of impacting droplet depends on We; however, 
contact time is independent of impact velocity over the range of velocities studied. 
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Aussillous and Quéré (2001) encapsulated an aqueous liquid droplet with a 
very hydrophobic powder (20-micron size lycopodium grains covered with fluorinated 
silanes) that gave hydrophobicity to the droplet surface.  The contact angle between 
the droplet and a glass surface was 180o. Drop impaction on glass gave results similar 
to those reported by Richard et al. (2000, 2002). 
 
2.2.5. Ejection of secondary droplet 
 
When a low-velocity liquid drop impacts on a surface, the ejection of a 
secondary drop from the top of the impacting drop is sometimes observed.  
Thoroddsen et al. (2000) reports the ejection of secondary drops when a drop is 
deposited gently onto the surface of the same liquid.  They describe the phenomenon 
as follows: “The drop hesitates briefly before coalescing into the bulk fluid, due to the 
draining of a thin layer of air sitting between the two liquid masses. As contact is 
established between the drop and the liquid layer, the unbalanced surface tension 
forces initiates a capillary wave that greatly deforms the drop that coalesces only 
partially, pinching off a new drop at its top.  The daughter drop bounces and comes to 
rest at the surface, repeating this partial coalescence. We have observed up to six steps 
in this cascade, starting with drop diameters around 3 mm and decreasing in diameter 
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by approximately one-half during each step.” 
The ejection of a drop during the impaction process occurs due to a capillary 
wave in the vertical direction.  Renardy et al. (2003) give the following two criteria 
for a capillary wave to exist for drop impacting on a solid surface:  We > 2 and We·Ca 
< 2.  Although they do not discuss drop ejection, they state that “..... the oscillation of 
the top can lead to the formation of a small cavity of air.  The collapse of this cavity 
eventually produces the eruption of a very thin jet”. 
  Roux et al. (2004) observed the ejection of a secondary drop when a 2.4-mm 
water drop impacted a glass surface at an impact speed of 0.22 m/s.  They applied 
Renardy et al.’s criteria for existence of a capillary wave and found that it was satisfied.  
They state that the secondary drop bounces, but did not mention the generation of a 
series of successively smaller drops as reported by Thoroddsen et al. (2000).    
 
2.3. Modeling of Pure Liquid Drop Impingement 
 
Two main approaches to study drop impingement on a smooth surface are 
computer simulation and theoretical calculation using energy balance.  A model for 
predicting whether or not rebounding occurs has also been developed by Mao et al. 
(1997). 
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2.3.1 Computational modeling 
 
The earlier computational simulations used the Marker-and-Cell (MAC) finite 
difference method.  Since the MAC method neglects effects of surface tension and 
viscosity of liquid, it is not very useful.  A modified method developed from MAC 
referred to as the Volume-of-Fluid (VOF) method has also been used.  It includes 
effects of surface tension and viscosity of liquid.  To determine the shape of the free 
surface of the impacting droplet, contact angle is needed.  Both equilibrium and 
dynamic contact angles have been used in computations (Fukai et al., 1995; 
Pasandideh-Fard et al., 1996).  The results using equilibrium contact angle are not 
accurate.  Dynamic contact angle gives much better predictions; however, it has to be 
measured from the photographs of the drop during spreading.  Thus, experiments 
must be conducted before the model can be used, making the model much less useful.  
If experiments are run, then important information such as maximum spreading ratio 
can be determined directly from the photographs. 
 
2.3.2 Theoretical modeling 
 
Theoretical modeling uses an energy balance before and after drop impact to 
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predict Dm* as a function of the Re, We, and contact angle (θ).  Kinetic energy, 
viscous dissipation, and surface energy are included in the energy balance.  This 
method gives no information about pressure, velocity, and temperature distributions.   
An energy balance to obtain Dm* was first used by Ford and Furmidge (1967).  
The balance between the energy of the impacting drop and the energy at maximum 
spread is expressed as 
 
E1k + E1p + E1s = E2p + E2s + E2d              (2.4) 
 
where E1k is the kinetic energy at the point of impact, E1p is the potential energy at the 
point of impact, E1s is the surface energy at the point of impact, E2p is the potential 
energy at the maximum spread, E2s is the surface energy at the maximum spread, and 
E2d is the energy dissipated during the deformation of the drop.  They were unable to 
calculate the spreading ratio due to difficulty of estimating dissipation energy. 
Chandra and Avedisian (1991) neglected the potential energy term from the 
energy balance, set kinetic energy equal to zero at maximum spread, and set the 
dissipation energy equal to viscous dissipation.  Viscous dissipation was estimated 
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where φ is the dissipation function, Ω is the volume of the liquid drop, tc is the time 
taken for the drop to spread from impact to maximum spreading, and u is the impact 
speed.  Since then, the viscous dissipation was included in models to obtain Dm*.  
Table 2-3 summarized some important models from the literature.  Park et al. (2003) 
recently developed a model, which gives improved predictions for low drop impact 
velocities, as discussed below.  The key feature of the model was that the shape of the 
drop was assumed to be a spherical cap at the maximum spread as shown in Figure 2-2 
while other models assumed the shape of the drop to be cylindrical at the maximum 
spread.  There are two equations for the maximum spreading ratio.  Equation (2.6) is 
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where ∆ESP is the decrease in surface and interfacial energies for spontaneous 
spreading from state 1 to state 2 (Figure 2-2), γLV is the surface energy of liquid-vapor 
interface, and α is the contact angle at the maximum spreading calculated using the 
assumptions that the shape of the fluid in state 2 is a cap of a sphere and that the fluid 
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where the function g(θ) is the square of spreading ratio at equilibrium contact angle. 
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2.3.3 Rebounding modeling 
 
Mao et al. (1997) developed a rebounding model using energy difference 
between the maximum spreading stage and a fictitious stage after retraction.  
Assumptions for this model are: 1) only potential energy and surface energy are 
considered at the maximum extent to which a drop recoils or bounces, 2) the drop is 
just above the solid surface and is considered to be momentarily at rest in the fictitious 
stage, and 3) shape at the maximum spread is a thin cylinder.  According to their 
model, whether a drop rebounds or not depends on the maximum spreading ratio and 
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the equilibrium contact angle.  The resulting equation for predicting whether or not 
rebounding occurs is  
 





























E mmmERE θθ  (2.10) 
 
where, E*ERE is the excess rebound energy normalized with respect to the energy 
possessed in fictitious stage.  A drop will be rebound when E*ERE is greater than zero. 
In their study, rebounding occurred on the paraffin wax surface (θ = 97o with distilled 
water) with Dm* of 3.01, 3.60, and 4.32.  In Figure 2-3, E*ERE is illustrated according 
to Mao et al.’s equation as a function of the maximum spreading ratio for θ = 97o.  
For Dm* of 3.01, 3.60, and 4.32, ∆E*ERE is greater than zero, rebound is predicted.  














Figure 2-3. Excess rebound energy (Mao et al., 1997) as a function of the maximum 






The impaction of a particle-laden drop on different surfaces was studied.  The 
particle-laden drops were formed from particulate suspensions composed of spherical, 
neutrally buoyant, non-colloidal particles in a viscous liquid.  The impaction process 
was recorded using a high-speed CCD camera, and the captured images were analyzed.  
The following particle-related parameters were considered: 1) volume fraction of 
particles, φ, 2) particle size, dp, and 3) the ratio of particle size (dp) to drop size (d), 
dp/d.  The results were analyzed during spreading and retracting/rebounding.  The 
special case of bouncing of a low-velocity drop impacting on silicon oxide wafer (a 
hydrophilic surface) was investigated.  Table 3-1 shows drop and particle size found 




The experimental setup for producing a single drop and recording the impact 



















(0.1 – 0.7) 
0.0083 






















  ** Private communication with Xu, M (2003). 
*Bolded numbers indicate dp/d falls in the typical inkjet range. 
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the suspension out of a flat-tipped needle in Figure 3-1 (a).  The drop falls by gravity, 
and the impact speed is controlled by adjusting the height of the needle.  A high speed 
camera records the impact process.  The captured images are transferred to computer 
and stored for further analysis. For drops containing 20- and 40-µm particles, a 22-
gauge needle was used; however, for larger particles, a stainless tube with an inside 
diameter of approximately 3 mm was used to form the drops because the 250-µm 
particles clogged the 22-gauge needle.  The resultant drop size ranged from 3.4 to 4.0 
mm, depending on particle size.  With this setup, producing drops with diameter less 
than 2 mm is difficult because drop size is proportional to 1/3 power of needle 
diameter.  To reduce the drop size by factor of 2, the needle size needs to be reduced 
by factor of 8.  Particle-laden liquid cannot be used with small needles due to 
clogging.   
Small drops were produced using a special device designed and fabricated at 
Georgia Tech.  It is shown schematically in Figure 3-1 (b).  The device uses a piezo 
engine (PAR Technologies, LLC) to force liquid from a pinhole, a disk with a hole in 
its center.  The pinhole size is varied to produce a range of drop size.  This apparatus 
uses a piezo pump to push out the liquid through the pinhole.  Various sizes of 
pinhole are available commercially.  Amplitude and frequency of the voltage applied 







(a) Setup for large drops 
 
 
(b) Setup for small drops 
 
 
Figure 3-1. Schematic of experimental apparatus: (a) setup for large drops and (b) 










ejection speed is low; therefore, impact speed was controlled by varying the distance 
between pinhole and surface.  An example of the variation of drop ejection speed and 
drop size versus frequency as a function of voltage is shown in Figure 3-2. 
A Kodak MotionCorder Analyzer (Eastman Kodak Company, Model 10K, San 
Diego, CA) was used to record continuous images of the impaction of a single droplet.  
A Nikon MKII Fiber Optic Illuminator was used to provide back lighting.  A series of 
pictures was recorded from one drop impingement event using a camera speed of 5000 





(a) Ejection speed versus frequency as a 
function of voltage. 
(b) Drop diameter versus frequency as a 
function of voltage. 
 
 
Figure 3-2. Operation range of the piezoelectric device with nozzle size of 400µm: (a) 
ejection speed versus frequency as a function of voltage and (b) drop 
diameter versus frequency as a function of voltage. 
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images.  For this setting, the camera has 128 × 80 pixels spatial resolution and 8 bit 
gray scale in black and white.  Drop impaction speed was calculated from droplet 





The impaction of particle-laden drop on different surfaces was studied.  The 
particle-laden drops were formed from particulate suspensions composed of spherical, 
neutrally buoyant, non-colloidal particles in a viscous liquid.  Polystyrene particles 
having density of 1.06 g/cm3 were used to produce the particle-laden liquids.  Particle 
size was varied from 0.47 to 250 µm. 
The 0.47-µm polystyrene particles dispersed in water-based solution were 
produced in the laboratory by emulsion polymerization.  The steps for producing the 
particles via emulsion polymerization are shown in Table 3-2.  The particle size 
produced from step 1 was 0.12 µm.  The bigger particles were produced via swelling 
process (Ugelstad et al., 1979).  The swelling process is shown in step 2 to 4 in Table 
3-2.  After the first and second cycles of swelling, the particle sizes were 0.22 and 
0.47 µm, respectively; however, the particles did not get bigger in the third cycle. The 
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Table 3-2. Steps for producing polystyrene particles. 
 
 
Step 1: Making Polystyrene latex 
 
Step 2: Preparation of emulsion of 










Sonicate for 30 minutes













Step 3: Swelling of the seed particles 
with the water insoluble substances 













Stir for 25 hours @ 60oC
Final PS
Stir for 2hours @ 30oC
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particle volume fraction of the final product was 0.15.  Particles were filtered from 
the final product to obtain a particle-free base solution that was used for comparison 
tests. 
Other particles were from Sekisui Chemical Co., Ltd (6-µm particles), Bangs 
Laboratories, Inc. (20 and 250-µm particles), and Kodak (40-µm particles).  Three 
solutions were used for the particle-laden liquid tests.  The first solution (Mixture 1) 
contained 77% water and 23% glycerin, which matched the density (1.06 g/cm3) of the 
particles.  The tests were conducted using 20- and 40-µm particles that dispersed well 
in Mixture 1.  Since the 6- and 250- µm particles were uncoated, 100 ppm of 
polyoxyethylene 3 decyl ether (Aldrich inc.) was added to Mixture 1 to obtain second 
solution (M1S100).  Tests with 6-, 40-, and 250-µm dispersed in M1S100 were 
conducted.  The third solution (S1) was the liquid in which the 0.47-µm particles 
were dispersed in following the last step in the polyethylene process (Table 3-2). 
Surface tension was measured using a Bubble Pressure Tensiometer (BP2 
Krűss GmbH) over a range of frequencies.  The surface tension of Mixture 1 was 
almost constant (about 72 dyne/cm); however, the surface tension of M1S100 and S1 
varied with frequency as shown in Figure 3-3.  Weber numbers are calculated based 
on static surface tension, which is the value at the lowest frequency in dynamic surface 





Figure 3-3. Dynamic surface tension of liquids containing surfactant. 
 
 
that of φ = 0 and 0.15 of solution of 0.47-µm polystyrene particles are 62 and 66 
dyne/cm, respectively.  Apparent viscosities of the fluids were measured using a 
Brookfield Viscometer (model DV-1).  Surface roughness of silicon oxide wafer, 
silicon wafer, and Teflon® film was measured using Atomic Force Microscopy (AFM, 
Digital Instruments NanoScope). 
Six different surfaces were used: glass slide, silicon oxide wafer, silicon wafer, 
polycarbonate surface, fluorocarbon plasma treated silicon wafer, and a Teflon® coated 
aluminum film (Bytac® Teflon® Surface Protectors).  Contact angles of liquids on the 
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surfaces were measured using a VCA2500KE Contact Angle Surface Analysis System 
(AST Products Inc.).  Equilibrium contact angles of distilled water on six surfaces are 
shown in Table 3-3.  Table 3-4 and 3-5 show the equilibrium contact angles of 
M1S100 and S1. 
 
3.3. Tests Conducted 
 
Experiments were conducted to show the effect of particle volume fraction on 
spreading ratio (D*), which is an important parameter that affects printing quality.  
Spreading ratio is the ratio of spreading diameter (D) to the initial drop diameter (d).  
Tests were conducted where the impact speed and surface were held constant, and the 
particle volume fraction was varied; therefore, the Weber number (We) remained 
nearly constant and the Reynolds number (Re) changed with particle volume fraction 
since Re is based on the apparent viscosity of the suspension. 
Test were also conducted to determine if the effects of particles were due solely 
to the increase in viscosity associated with the addition of particles. Thus, it is 
meaningful to compare the impact process of particle-laden fluid with that of pure 
fluid having the same Re and We.  In addition to the measured viscosity, viscosity of 
particle-laden fluid was estimated using Krieger’s equation (Krieger, 1972): 
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Table 3-3. Equilibrium contact angles of distilled water on surfaces*. 
 
Surface Contact angle (o) 
Glass slide 
















Table 3-4. Equilibrium contact angle of M1S100. 
 
 
Surface Contact angle (o) 
Glass slide 










Table 3-5. Equilibrium contact angle of S1. 
 
 
Surface Contact angle (o) 
Glass slide 






















−=       (3.1) 
 
where, η0 is viscosity of pure fluid, and φm is the maximum particle volume fraction.  
The comparison of measured viscosity and Krieger’s viscosity is shown in the Table 3-
6. Measured viscosities are higher than viscosity from Krieger equation, especially for 
high φ.  The measured viscosities of the particle-laden fluid having particle volume 
fractions of 0.10 and 0.20 were matched with a pure fluid produced by mixing water 
and glycerin (Mixtures 2 and 3 in Table 3-7), and Krieger’s viscosities having φ = 0.1, 
0.2, and 0.3 were also matched with mixture of water and glycerin (Mixture 4, 5, and 6 
in Table 3-7).  Since the actual maximum spreading ratio of particle-laden drop is 
closer to that of Mixture 4, 5, and 6 (Figure 3-4) than Mixture 2 and 3 (Figure 3-5), Re 
and We are calculated based on Krieger’s viscosity in this study.  Comparisons on 
other surfaces are illustrated in Appendix A. 
Experiments were conducted to show the effects of particles during various 
stages of the impacting process: spreading and retracting/rebounding.  In addition, the 
phenomenon of bouncing of a low-speed hydrophilic drop impacting a hydrophilic 
surface (silicon oxide wafer) was studied.  The conducted tests for spreading, 
rebounding, and bouncing are summarized in Table 3-8, 3-9, and 3-10, respectively. 
 38
Table 3-6. Viscosities of particle-laden fluid. 
 














































Mixture 2b 0 3.4 13 0.0087 0.00066
Mixture 3c 0 7.1 6.5 0.0089 0.0014 
Mixture 4d 0 3.0 15 0.0085 0.00058
Mixture 5e 0 4.2 11 0.0087 0.00082
0.01 















Mixture 2b 0 3.4 1900 180 0.094 
Mixture 3c 0 7.1 920 180 0.200 
Mixture 4d 0 3.0 2100 170 0.083 
Mixture 5e 0 4.2 1500 180 0.12 
2 
Mixture 6f 0 6.2 920 180 0.17 
a Mixture 1: mixture of water/glycerin (77/23). 
b Mixture 2: mixture of water/glycerin (62/38). 
c Mixture 3: mixture of water/glycerin (51/49). 
d Mixture 4: mixture of water/glycerin (70/30). 
e Mixture 5: mixture of water/glycerin (60/40). 




Figure 3-4. Comparison of impact process of particle-laden drop with Mixture 4, 5, 
and 6. Re of particle-laden drop was calculated based on Krieger’s 
viscosity (Krieger, 1972).  Drop impacts on Teflon® film surface at 






Figure 3-5. Comparison of impact process of particle-laden drop with Mixture 2 and 3. 
Re of particle-laden drop was calculated based on measured viscosity. 
Drop impacts on Teflon® film surface at impact speed of 2 m/s. 
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Table 3-8. Summary of experiments for spreading. 
 
 
















































































































































































Table 3-8. (continued). 
 
 


























































































































































































Table 3-9. Summary of experiments for rebounding on hydrophobic surfaces. 
 
 








(mN/m) Re We Ca 













0.12 Mixture 1 0.69 






































































































































Table 3-9. (continued). 
 
 








(mN/m) Re We Ca 
1.98 N/A N/A 2.55 0 2.3 72 2300 190 0.081 
2.1 N/A N/A 2.55 0 2.3 72 2500 200 0.081 Mixture 1 






























































































































































Table 3-10. Summary of experiments for bouncing on silicon oxide wafer. 
 
 








(mN/m) Re We Ca 
















/surfactant 2.16 N/A N/A 0.16 0 1 33 350 1.7 0.0048








































a Viscosity of glycerin taken from a reference (David R. Lide, CMC Handbook of Chemistry and 
Physics, 71st Edition, CRC Press, Boca Ranton, 1990, p. 6-144). 
b Surface tension of glycerin taken from a reference (Arthur W. Adamson and Alice P. Gast, Physical 




RESULTS AND DISCUSSION 
 
The impaction process was studied over a range of drop sizes for particle-laden 
drop on smooth substrates; however, for drops smaller than 1 mm, impact speed 
limitation and clogging problems associated with the drop ejection system used to 
produce the smaller drops were encountered.  Data are available for the smaller pure 
liquid drops down to 340 µm in diameter and for particle-laden drops with diameters 
of 560 and 690 µm at particle volumetric concentrations of 0.05 and 0.2, respectively. 
The effects of particle volume fraction and particle size on the impact process 
will be presented first, and then the effects of particles on retraction/rebounding will 
follow.  In addition to the particle effect on impaction process, the effect of drop size 
will be discussed. 
For each test condition, at least three tests were run.  Representative plots of 
D* versus time are shown in this chapter.  Reproducibility of results was generally 
very good; however, in some cases for low impact speed, the impacting drop did not 
immediately wet the surface.  This occurred infrequently on most of the surfaces 
except silicon oxide wafer, where bouncing of the drop occurred.  Bouncing will be 
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discussed in a section in this chapter.  When bouncing occurs, time in the D* versus 
time plots begins when the drop hits the surface and begins to spread.  
 
4.1 Effects of Particle Volume Fraction 
  
 4.1.1. Low impact speed 
 
 The effect of particle volume fraction on the spreading process depends on 
impact speed and substrate as illustrated in Figure 4-1.  At low impact speed for most 
cases, particles have little effect on the spreading except for surfaces where the 
equilibrium contact angle is low.  The liquid spreads to the equilibrium spreading 
ratio with almost no overshoot (spreading beyond the equilibrium value) for the glass 
slide and silicon oxide wafer, and with a small overshoot for the Teflon® film.  This 
occurred for drop sizes of 2.7, 2.9, 3.4, and 3.9 mm; however, for the 690-µm drop, no 
overshoot occurred as was observed for the larger drops while overshoot was expected 
based on Re and We. 
In Figure 4-1, spreading ratio, D*, is plotted as a function of time for drops 
impacting at speed of about 0.01 m/s on three types of surfaces: glass slide, silicon  
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(a) Glass slide 
 
(b) Silicon oxide wafer 
 
 
Figure 4-1. Impact process of particle-laden fluid. The 40-µm particles are dispersed in 
Mixture 1, the drop size is 2.9mm, and the impact speed is about 0.01m/s:  






Figure 4-1. (continued) 
 
 





oxide wafer, and Teflon® film.  These results are for 2.9-mm drops containing 40-µm 
particles, and similar results are obtained for large drops containing 0.47-, 6-, 20-, and 
250-µm particles (see Appendix B). The behavior on the glass slide is different from 
the other two surfaces as can be seen in Figure 4-1 (a).  For the glass slide, D* is 
similar for the pure liquid and the particle-laden liquid for times up to about 100 ms.  
It should be noted that as φ increases, the drops spreads slower and takes longer to 
reach De*.  This is probably due to increasing viscosity with increasing φ.  From 
about 100 to 1000 ms, the pure liquid spontaneously spreads to a value of Dm* of about 
2.5 which is close to the theoretical equilibrium value of 2.6 (Appendix C), based on 
the measured equilibrium values of θ.  However, over time from about 100 to 1000 
ms, the particle-laden drops do not spontaneously spread, and Dm* remains at about 2.2.  
This is not expected based on the equilibrium contact measurements since measured θ 
values for the particle-laden liquids are almost identical with those for the pure liquid.  
The reason for this has not been determined; however, it is conjectured that particles 
may prevent from further spreading due to pinning on the solid surface. 
 
4.1.2. High impact speed 
 
At a higher impact speed (2 m/s), Dm* is much larger than for the low impact 
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speed.  Inertial forces dominate at impact, and initial spreading is similar on glass 
slide, silicon oxide, and Teflon® film, as shown in Figure 4-2.  These results are for 
40-µm particles, but similar results are obtained for drops having particle sizes of 0.47, 
6, 20, and 250 µm.  For pure liquid, Dm* is similar for the three surfaces, but is 
slightly lower for the Teflon® film (θ = 112o).  Retraction from Dm* depends greatly 
on liquid-surface interaction, indicated by the equilibrium contact angles given in 
Table 3-3. 
For the glass slide which has a favorable interaction with the aqueous liquid, 
and hence a small contact angle, retraction occurs neither for pure nor particle-laden 
liquid.  The theoretical equilibrium value of D*, based on the measured value of 
equilibrium contact angle of 17o is about 2.6 (Appendix C).  However, once inertia 
spreads the liquid over the low contact angle surface, the liquid does not retract due to 
the strong liquid/surface interaction.  For this case, the influence of particles can 
largely be described by the effective viscosity: as particle volume fraction is increased, 
viscosity increases, and Re is decreased; as a result, the particle-laden liquid does not 
spread as far as pure liquid. 
As contact angle is increased, both the rate of retraction and the magnitude of 
retraction increase.  The interaction between the surface and the liquid is less 
favorable and less energy is required to pull the liquid away from the surface. 
 51
 




(b) Silicon oxide wafer 
 
Figure 4-2. Impact process of particle-laden fluid. The 40-µm particles are dispersed in 
Mixture 1, the drop size is 2.9mm, and the impact speed is about 2m/s: (a) 
glass slide, (b) silicon oxide wafer, and (c) Teflon® film. 
For drop with φ=0.1, 
some particles are left 





Figure 4-2. (continued) 
 
 




For the silicon oxide wafer, the pure liquid retracts from Dm*; however, the 
equilibrium value of D* (approximately 2.1) is slightly above the predicted value of 
1.95 based on the measured value of equilibrium contact angle of 38o.  Dm* for φ = 0.2 
and 0.3 are about 5% and 10% lower than that for pure liquid, respectively.  No 
retraction is observed for the particle-laden drops with φ = 0.2 and 0.3 due to particle 
pinning on the surface, which prevents liquid retraction.  For drop with φ = 0.1, 
retraction is observed; however, the retraction occurs slower than that of pure liquid.  
The drop with φ = 0.1 left particles behind, and the particle traces can be seen in 
Figure 4-2 (b).  This behavior is found for drops having 20- and 40-µm particles with 
φ = 0.1 and 0.2 impacting on either silicon oxide wafer or silicon wafer at an impact 
speed of 2 m/s.  It is also observed for a drop having 6-µm particles with φ = 0.3 
impacting on Teflon® film at an impact speed of 2 m/s, but not φ = 0.1 or 0.2.  This 
will be discussed later. 
As shown in Figure 4-2 (c), for Teflon® film, 40-µm particles have little effect 
on spreading ratio for φ ≤ 0.2 for an impact speed of 2.0 m/s.  Very similar results are 
found for 20-µm particles when D* is plotted versus time (see Appendix B).  For both 
particle sizes and an impact speed of 2 m/s, the rebound behavior depends on particle 
volume fraction.  Rebounding was largest for φ = 0.15, but did not occur for φ ≥ 0.2 
for 20-µm particles.  For the 40-µm particles, rebounding did not occur for φ ≥ 0.15, 
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and the degree of rebounding is smaller than 20-µm particles.  Rebounding behavior 
will be discussed in section 4.4. 
 At an impact speed of 2.55 m/s, the particulate effect on Dm* is small at φ = 0.1 
and 0.2, but increases rapidly when φ is increased to 0.25 and then to 0.30, as can be 
seen in Figure 4-3.  This is a consequence of the viscosity increasing nonlinearly with 
particle volume fraction.  Also note that even though the maximum spreading ratios 
of each particle volume fraction are different, D* at maximum retraction is almost the 
same for all φ (Figure 4-3 (b) and (c)). 
 
4.2. Effects of Particle Size 
 
 The effect of particle size on the impaction process is investigated using 6-, 20-, 
40-, and 250-µm particles.  Since the surface coatings on the particles are different, 
two different liquids (M1S100 and Mixture 1) are used.  The 6-, 40-, and 250-µm 
particles are dispersed in M1S100 liquid, and the syringe and needle system is used to 
form drops.  Drop size for drops containing no particles, 6-, 40-, and 250-µm 
particles are 3.9, 3.9, 4.0, and 3.4 mm, respectively. The effect of particle size for 
smaller drops is not investigated for M1S100 containing 6-, 40-, and 250-µm particles 




(a) Whole impact process 
 
 
       
(b) At Dm*                     (c) At the maximum retraction 
 
 
Figure 4-3. Impact process of particle-laden fluid. The 40-µm particles were dispersed 
in Mixture 1, the drop size is 2.9mm, and the impact speed is about 
2.55m/s on Teflon® film: (a) whole impact process, (b) at Dm*, and (c) at 




either 20- or 40-µm particles was used to study the effect of particle size for two size 
drops (690 µm and 2.9 mm). 
 
4.2.1 Particles dispersed in M1S100 liquid 
 
Low impact speed 
For an impact speed of 0.01 m/s, particle size has little effect on the impact 
process for φ = 0.1 and 0.2 (see Appendix D). The effect of particle size on D* for a 
3.9-mm drop with φ = 0.3 impacting at a speed of 0.01 m/s can be seen in Figure 4-4.  
On the glass slide, Dm* of a 250-µm particle-laden drop is lower than that of 6- 
and 40-µm particles.  This is probably due to the 250-µm particles being large 
relative to the thickness of the spreading drop.  Calculation is made to estimate the 
height (h), referred to below as drop thickness, of the liquid-air interface above the 
substrate. This allowed calculations of the ratio, h/dp (see Figure 4-5 and Table 4-1).   
In estimating h, it was assumed that the shape of the drop at Dm* can be approximated 
as a cap of a sphere, which is a good assumption for low impact speeds.  The 
experimentally determined value of Dm* for a pure liquid drop impacting a given 
substrate was used to obtain the results shown in Table 4-1. The ratio, hm/dp, is the 
drop thickness at the center of the drop divided by the particle diameter.  The ratios  
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(a) Glass slide 
 
 
(b) Silicon oxide wafer 
 
Figure 4-4. Effect of particle size on impact. φ = 0.3 and the impact speed is about 








Figure 4-4. (continued). 
 
 













Figure 4-5. Schematics of a drop at Dm* with contact angle θ. θ was calculated using 
experimentally measured Dm* in the equation for a cap of sphere 
developed by Ford et al. (1967). 
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for a drop on glass are 112, 17, and 2.3 for the 6-, 40-, and 250-µm particles, 
respectively.  Even at the center of the drop the size of the 250-µm particles is large 
relative to the drop thickness. 
Since h decreases with increasing distance (x) from the center until it is zero at 
the contact line, the ratio, h/dp, will also decrease with x until it equals to one.  For the 
value of x where h/dp = 1, the drop thickness and particle diameter are equal.  
Interaction of the particle with the substrate surface and the liquid-air interface would 
tend to inhibit spreading beyond this point.  The dimensionless parameter, Dh/dp = 1* = 
2x/d, is given in Table 4-1.  It represents the spreading ratio in pure liquids where the 
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drop thickness is equal to particle diameter.  The values of Dh/dp = 1* on glass slide are 
2.79, 2.72, and 2.12, for the 6-, 40-, and 250-µm particles, respectively.  It is 
interesting that Dm* for the particle-laden drops containing the 40- and 250-µm 
particles were 2.66 and 2.10, respectively, which are close to the values of Dh/dp = 1*.  
This suggests that for low impact speed, when the size of the particles approaches the 
drop thickness, spreading is inhibited.  However, for the 6-µm particles, the value of 
Dh/dp = 1* is 2.79 while Dm* is only 2.56.  The 6-µm particles inhibit spreading even 
though the particles are relatively small.  Similar observations are made for the high 
impact speed tests in the next section. 
For time from 0 to approximately 2 ms, spreading on the silicon oxide wafer 
was similar for all three drops.  For t from 2 to 20 ms, spreading for the drop 
containing 6-µm particles is much slower than for the other two particle sizes.  The 
drop apparently has contacted the surface, but has not wet it.  It is not known why the 
drop containing 6-µm particles are slow at wetting the silicon oxide wafer, but was 
repeatedly observed for this case.  This will be discussed further in the section on 
bouncing.  For t from 20 ms to about 100 ms, the drop containing 6-µm particles 
spreads much faster than other two particle sizes, and at t above 100 ms, Dm* is 
approximately the same for all three sizes.  The drop containing 6-µm particles 
continue spreading until t of about 1,000 ms, but spreading stops at t of about 100 ms 
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for the other two particles sizes.  Dm* of the drops containing 6-µm particles was 
larger than that of the other drops. 
In contrast to behavior on the hydrophilic surface, the drop containing 6-µm 
particles impacts Teflon® film, it spread faster than the drops containing the bigger 
particles.  Although the drop containing 6-µm particles spread faster, the Dm* was 
lower than for the drops containing larger particles. 
 
High impact speed 
The effect of particle size is small for the impact speed of 2 m/s and for φ = 0.1 
and 0.2 (see Appendix D) except for the retraction behavior on silicon wafer.   
Retraction on silicon wafer for φ = 0.1 and 0.2 will be discussed in the section 4.4. 
Figure 4-6 shows the effect of particle size on D* for φ = 0.3 and an impact speed of 2 
m/s.  Particle-laden drops with φ = 0.3 do not retract on the glass slide or silicon 
oxide wafer while retraction occurs on the Teflon® film. 
On the Teflon® film, the drop containing dp = 40 µm retracts beyond its equilibrium 
spreading ratio; however, drops with other particle sizes retract directly to the 
equilibrium state. While retracting, the drop having 6-µm particles leaves particles 
behind as shown in Figure 4-6 (c). The trace of particles on Teflon® film was not seen 




(a) Glass slide 
 
 
(b) Silicon oxide wafer 
 
 
Figure 4-6. Effect of particle size on impact process for φ = 0.3 and v = 2 m/s: (a) glass 

















For drop having dp=6 µm 
with φ=0.3, some particles 







in contact with the surface at high φ.  The test was repeated 10 times to confirm the 
results. 
For all surfaces, Dm* is largest for dp = 40 µm, second largest for dp = 250 µm, 
and smallest for dp = 6 µm; however, the difference in Dm* for the glass slide and 
silicon oxide wafer is small.  For impaction on the Teflon® film, Dm* of drops 
containing 6-µm, 40-µm, and 250-µm are about 2.64, 3.20, and 2.93, respectively.   
 
4.2.2 Particles dispersed in Mixture 1 
 
The effect of particle size on the impaction process was investigated using 20- 
and 40-µm particles dispersed in Mixture 1.  There are two drop sizes: 690-µm drop 




For the 690-µm drops, two impact speeds (0.3m/s and 2 m/s) and three surfaces 
(glass slide, silicon oxide wafer, and fluorocarbon plasma treated silicon wafer) were 
used.  The results for v = 0.3 m/s are shown in Figure 4-7.  The drops spread to the 
equilibrium spreading ratio with almost no overshoot for all surfaces.  For glass slide  
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(a) Glass slide 
 
(b) Silicon oxide wafer 
 
Figure 4-7. Impact process of particle-laden fluid. The particles were dispersed in 
Mixture 1, the drop size is 690 µm, and the impact speed is about 0.3 m/s:  















and silicon oxide wafer surfaces, Dm* of drops containing 40-µm particles is little 
lower than that of drops having 20-µm particles; however, the difference is small.  
The maximum spread ratio, Dm*, is greatest for the glass slide surface because 
the liquid-surface interactions are strongest.  The pure liquid spread a little further 
than the particle-laden liquid; however, varying particle fraction from 0 to 0.2 has little 
effect on the impact process. 
When 690-µm drops containing 20- and 40-µm particles impact on surfaces at 
an impact speed of 2 m/s, there is little effect associated with particle size, as 
illustrated in Figure 4-8. 
 
2.9-mm drop 
For the 2.9-mm drops, two impact speeds (0.01 m/s and 2 m/s) and four types 
of surfaces (glass slide, silicon oxide wafer, silicon wafer and Teflon® film wafer) were 
used.  There is little effect associated with particle size (see Appendix B). 
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(a) Glass slide 
 
(b) Silicon oxide wafer 
 
Figure 4-8.  Impact process of particle-laden fluid. The particles were dispersed in 
Mixture 1, the drop size is 690 µm, and the impact speed is about 2 m/s:  







Figure 4-8.  (continued) 
 
 






4.3 Retraction and Rebounding 
 
When a drop impacts on a surface where the equilibrium contact angle is 
greater than zero, it spreads over the surface until it reaches a maximum spreading 
diameter, Dm*, where the surface energy of the drop is at a maximum while its kinetic 
energy is nearly zero.  In some cases, at the maximum spreading state, the liquid flow 
changes its direction and recoils inward due to surface energy.  
For pure liquids, the amount of retraction has been shown to depend on the 
following dimensionless numbers: Re, We and cos θ.  These parameters include the 
effects of initial kinetic energy of the impacting drop, the surface energy of the liquid, 
viscous dissipation in the spreading liquid, and the interaction between the liquid and 
the surface.  When liquid/surface interaction is strong and/or the impact speed is low, 
the liquid will retract to the equilibrium position and stop.  If liquid/surface 
interaction is weak and a drop has high kinetic energy, the liquid will retract beyond 
the equilibrium position and rise in the region of the initial impact.  Under 
appropriate conditions, rebounding will occur where the liquid separates from the 
surface, rises a short distance and returns to the surface (Mao et al., 1996). 
A study was conducted to determine how particles affect retraction and 
rebounding.  For particle-laden liquids, the amount of retraction may be affected by 
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particle parameters such as the particle volume fraction, φ, and ratio of particle 
diameter to drop diameter, dp/d.   
 
4.3.1 Low impact speed 
 
As discussed in earlier sections, particles did not have much effect on the 
spreading of an impacting drop.  In most cases, the drops spread to the equilibrium 
spreading ratio without retraction. 
 
4.3.2 Retraction at a high impact speed 
 
Retraction on glass slide 
At high impact speed, no retraction was observed on the glass slide for both 
pure and particle-laden liquids.  Since the equilibrium contact angles of the pure 
liquids with glass slide are low, the interaction of the liquids with the glass slide is high 
and prevents retraction.   
 
Retraction on silicon oxide wafer 
The behavior of the particle-laden liquids on the silicon oxide wafer is quite 
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different from that of the pure liquids.  The particle-laden liquid spreads to Dm* 
similar to the pure liquid, but retracts very little for the higher values of φ.  This is 
illustrated in Figure 4-9, where D* is plotted versus time for MS100 containing 6-, 40- 
and 250-µm particles.  The pure liquid drop retracts to an equilibrium spreading 
ratios, De*, of about 1.75 from Dm* of about 3.25.  The retraction for drops with φ = 
0.1 was different for the three particle sizes.  For the drops containing the 6- and 250-
µm particles retraction was small, but the drop containing the 40-µm particles retracts 
from Dm* of about 3.25 to about 2.0.  It should be noted that the tests using 20- and 
40-µm particles in Mixture 1, similar results to that for the 40-µm particles in MS100 
were observed.  At φ = 0.2 and 0.3, little retraction occurred for all three particle sizes. 
Similar results were obtained in the tests using 20- and 40-µm particles in Mixture 1. 
Retraction from the contact line is probably related to both the number of 
particles in the drop, n, and the ratio of drop thickness to particle size at maximum 
spreading, hm/dp.  The effects of changing dp/d and φ on n are shown in Table 4-2.  
The table also shows hm/dp, based on the assumption that the drop shape can be 
approximated by a circular cylinder of diameter Dm and height hm (Dm for a pure liquid 
is used in the calculation) at the maximum spreading.  These calculations are useful 
in attempting to explain the effect of particles on the impact process.  When a drop 
impacts on the silicon oxide wafer, the drop does retracts for the pure liquid and φ =  
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(a) φ = 0.1 
 
 
(b) φ = 0.2 
 
 
Figure 4-9. Effect of particle size on retraction on the silicon oxide wafer. The 6-, 40-, 
and 250- µm particles are dispersed in M1S100 liquid: (a) φ = 0.1, (b) φ = 







Figure 4-9. (continued). 
 
 






Table 4-2. The number of particles per drop and hm/dp as a function of dp/d. 
 
dp (µm) d (mm) dp/d φ 
n, 
Total number of 
particles per drop 
hm/dp 


























0.1 of 40-µm particles, but does not retract for the other cases.  For the 6-µm particles, 
there is a large number of particles, even for φ = 0.1, close to the contact line at Dm*.  
It can be conjectured that the large number of 6-µm particles pins the contact line and 
prevents retraction. For the drop containing 250-µm particles, hm/dp is about 0.8 which 
indicates that the particle size is bigger than the thickness of the drop and the particles 
are in contact with the surface. The interaction of these large particles with the surface 
presents an energy barrier being large for the liquid surface tension to overcome. 
For the drop containing 40-um particles, the drop with φ = 0.1 retracts, but not 
drops with φ = 0.2 and 0.3.  It is not clear why the drop containing 40-µm particles 
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retracts for φ = 0.1; however, since no retraction occurs for φ = 0.2 and 0.3, it may be 
related to the number of particles (N) at the contact line.  For φ = 0.2 and 0.3, N may 
be sufficient to pin the contact line; in contrast, for φ = 0.1, N may be insufficient to 
stop retraction of the contact line. 
When pure liquid drops retract from Dm*, the retraction appears to be symmetric 
around the point of impaction. In contrast, sometimes retraction of the particle-laden 
drop is asymmetric, drop shape on the surface is not cylindrical and particle 
distribution appears to be non-uniform, as illustrated in Figure 4-10. In the case of 
particle size of 6-µm, the retraction is small for values of φ of 0.1, 0.2 and 0.3, and 
appears to be symmetric. With the 40-µm particles, the retraction for values of φ of 0.1 
and 0.2 is asymmetric. When φ = 0.1, the contact line on one edge (nine-o’clock 
position) of the drop appears to be pinned, but the contact line along the rest of the rim 
of the drop is not and retracts toward the nine-o’clock position. When the liquid 
retracts, particles are left on the surface, particularly around the rim of the drop at the 
maximum spreading position. When φ = 0.2 for particle-laden liquid containing the 40-
µm particles, the contact line appears to be pinned on two edges (three-o’clock and 
nine-o’clock positions), but the contact line along the rest of the rim of the drop is not 








(b) Side view 
 
 
Figure 4-10. Top and side views of drops resting on silicon oxide wafer.  The 6-, 40-, 
and 250-µm particles are dispersed in M1S100: (a) Top view and (b) side 
view. 
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For the particle-laden liquid containing the 250-µm particles for all three 
values of φ, drop shape on the surface is not cylindrical and particle distribution 
appears to be non-uniform.  Particle distribution appears to be highly non-uniform 
when φ = 0.1. 
 
Retraction on Teflon® film 
Since the liquids used in the tests are hydrophilic, all drops with and without particles 
impacting Teflon® film retract after spreading to Dm*.  The retraction process depends 
on φ and particle size, as illustrated in Figures 4-11 and 4-12.  Comparison of (a) – (c) 
in Figure 4-12 reveals that 40-µm particles have a much smaller effect on the 
retraction process than either the 6- or 250-um particles. For φ = 0.1 and 0.2, drops 
with 6-µm particles retract beyond the equilibrium position (De*); however, for φ = 0.3, 
the drop retracts directly to De* leaving particles on the surface, as shown in Figure 4-
12 (a).  The 40-µm particles affect the spreading process much less, and drops 
containing these particles retract beyond De*  for all three values of φ. The 250-µm 
particles significantly affect the retraction process, and drops containing these particles 




(a) φ = 0.1 
 
(b) φ = 0.2 
 
Figure 4-11. Effect of particle size on retraction on the Teflon® film. The 6-, 40-, and 







Figure 4-11. (continued) 
 
 





















Figure 4-12. Photograph of particle-laden drops (M1S100) impacting Teflon® film at 






















The reason that the 40-µm particles affect retraction much less than the 6- and 
250-µm particles is not known, but believed to be associated with the surface tension 
being higher for the liquid containing the 40-µm particles than for the other particle-
laden liquids (see Table 4-3).  The higher surface tension of the liquid containing the 
40-µm particles is believed to be due to the coating on the particles.  As discussed in 
Chapter 3, the manufacturers of the 20- and 40-µm particles deposited coatings on the 
particles which allowed them to be dispersed easily into Mixture 1. Retraction for 
drops containing 20-µm and 40-µm particles in Mixture 1 is similar for φ = 0.1, 0.2, 
and 0.3.  On the other hand, 6- and 250-µm particles were not coated by the 
manufacturers and would not disperse in Mixture 1; thus, surfactant was added to 
Mixture 1 to produce M1S100 so that suspensions of these particles could be made. 
M1S100 was also used with the 40-µm particles. 
 
 4.3.3 Rebounding at high impact speed 
 
As pointed out in the previous section, for impaction on Teflon® film, all 
drops used in this study retract after spreading to Dm*.  This occurs because the 
liquid/surface interaction is weak.  Depending on several factors, the retracting drop 
sometimes rebounds.  Rebounding occurs when the drop reaches maximum retraction,  
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Table 4-3. Surface tension of M1S100 with and without particles. 
 



























stretches up, necks and generates a secondary drop that moves vertically upward.  In 
some cases, the upward stretching drop necks more than once, producing a series of 
secondary drops.  The D* versus t does not reveal that rebounding is occurring.  For 
example, Figure 4-13 shows that the drops containing 20-µm particles impacting at a 
speed of 2 m/s on Teflon® film retract beyond the equilibrium position and then spread 
to the equilibrium position; however, this figure does not revealed that the drop 
rebounds from the surface.  To better show the variation of D* versus time, the data 
are plotted using a linear time scale in Figure 4-14. There appear to be regions (flat) 
where D* stays relatively a constant for certain time, and then regions (curved) where  
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Figure 4-13. Impact process of 2.9-mm drop having 20-µm particles impacting on 





Figure 4-14. Impact process of 2.9-mm drop having 20-µm particles impacting on 
Teflon® film at v = 2 m/s in linear scale. 
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D* changes.  The locations of the flat and curved regions depend on particle volume 
fraction.  To explain this behavior, the photographs of the retracting process for φ = 0 
and plots of D* versus time are shown in Figure 4-15.  The image shown on the left 
side of the bottom is at t = 20 ms when the spreading ratio is at its minimum at the end 
of retraction.  Between t = 20 ms and 30 ms, the spreading ratio stays constant.  In 
this region, the drop stretches up and necks.  Necking continues until a secondary 
drop is generated at t ∼ 25 ms.  From t = 25 ms, the secondary drop is airborne.  
While this occurs, the drop on the surface spreads, retracts, and reaches an equilibrium 
state (flat region) until the secondary drop falls down by gravity and impacts on and 
combines with the drop on the surface. The recombined drop spreads and retracts to its 
equilibrium position. 
Since the rebounding behavior were different for φ = 0, 0.1 and 0.2, further 
experiments were conducted using φ = 0.05, 0.15, and 0.3.  Some results are shown in 
Figure 4-16.  The secondary drop stays airborne longest for φ of 0.15, but a secondary 
drop is not generated for either φ = 0.2 or 0.3.  In the region where the drop stretches 
up and necks, the shape depends on particle volume fraction. Furbank and Morris 
(2004) have studied the effect of particles on drop formation in the dripping mode.  
They observed that the pinch-off structures for the particle-laden systems are 










Figure 4-16. Images of drops having 20-µm particles with φ = 0, 0.15, and 0.2 
impacting on Teflon® film at v = 2 m/s. 
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thread resist its further thinning, and depending on the number of particles present, this 
resistance can have either a destabilizing or a stabilizing effect on the thread relative to 
the case of the pure liquid.  The presence of a small number of particles in the thread 
introduces regions within the thread which cannot thin beyond the size of an individual 
particle and leads to earlier rupture.  A large number of particles in the thread tends to 
have a stabilizing effect both before and after pinch-off.  In this case there are 
sufficient particles present in the thread that their individual motions are restricted and 
the necking of the thread is slowed.   Based on their observations, we conjecture that 
at φ of 0.2 and 0.3, the particle volume fraction was sufficiently high to prevent pinch-
off. At φ of 0.15, apparently the particle concentration is low enough that sufficient 
stretching and pinch-off can occur at a weak point devoid of particles. This is 
consistent with observation by Furbank and Morris (2004), where it was observed that 
for φ ≈ 0.15, drop formation changes drastically from behavior similar to that of pure 
fluid.  
At a higher impact speed (2.55 m/s) for drops having 20-µm particles, rebound 
occurred at φ ≤ 0.25.  For some volume fractions (φ = 0.1 and 0.2), two secondary 
drops are produced one by one, and the degree of rebound is maximum at φ = 0.10 as 
shown in Figure 4-17.  The first image in each volume fraction shows necking at the 








Figure 4-17. Images of necking and returning of secondary drops after drops 




drop extension is high, the secondary drop size tends to be smaller and to stay airborne 
longer (Figure 4-18). 
Following the test using 20-µm particles in Mixture 1, further testing of the 
effects of particles on rebounding on Teflon® film were conducted using different drop 
and particle sizes.  These involved 40-µm particles in Mixture 1 with a drop size of 
2.9 mm, 20- and 40-µm particles in Mixture 1 with drop size of about 690 µm, and 6-, 
40- and 250-µm particles in MS100 with drop sizes of about 3.9, 4.0, and 3.4, µm, 










Table 4-4. Summary of rebounding of particle-laden liquid on Teflon® film. 
 
 























































































































































































































































Effect of drop size on rebounding 
The effect of drop size on rebounding was studied using Mixture 1 and a drop 
impact speed of 2.55 m/s.  Drop diameter was varied from 1.98 to 2.9 mm by 
changing needle size. 
As shown in Table 4-5, rebounding occurs for 2.3 and 2.9 mm drops, but not 
for 1.98 and 2.1 mm drops.  This can be explained by the effect of drop size on Re 
and We. When all parameters are held constant except drop size, both Re and We 
increase (the ratios of inertial forces to viscous forces and inertial energy to surface 
energy increase).  As a result, the maximum spreading ratio increases.  Since the 
larger drops are stretched further beyond De*, they have more liquid-air interfacial 




Table 4-5. Effect of drop size on rebounding of pure liquid. Drop of Mixture 1 
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Effect of viscosity on rebounding 
Tests were conducted to determine if the effect of particles on rebounding can 
be accounted for solely due to viscosity.  A series of mixtures of water and glycerin 
were made to match the apparent viscosity of particle-laden liquid using 20- and 40-
µm particles in Mixture 1.  For the tests, the impact speed was 2.55 m/s, and liquid 
viscosity was varied from 2.3 to 6.2 cP.  As shown in Table 4-6, rebounding for pure 
liquid drops occurred only at viscosity of 2.3 cP; however, rebounding of the particle-
laden drops occurred at apparent viscosities of 3.0 and 4.2 cP.  If the viscosity of pure 
liquid drop and particle-laden drop is same, the Dm* is very close; therefore, it appears 






Table 4-6. Effect of liquid viscosity and particle volume fraction on rebounding on 
Teflon® filma (θ = 112o). 
 






























































Effect of impact speed on rebounding 
The effect of impact speed on rebounding was conducted by holding all 
parameters constant and varying impact speed.  Distilled water was used for the tests 
because rebounding occurs over a wider range of impact speed than the water and 
glycerin solutions.  Impact speed was varied from 0.28 to 2.48 m/s.  As shown in 
Table 4-7, rebounding occurred except at v = 0.28 m/s.  As impact speed is increased, 
more kinetic energy is in the system; therefore, the tendency to rebound increases.  
Figure 4-19 shows water images of water drops at v = 0.28, 0.42, 1.80, and 
2.48 m/s.  For v = 0.42 m/s, the whole drop rebounded without any secondary drops.  
As impact speed is increased, the drop divides and a secondary drop is emitted 
vertically, but the mother drop remains attached to the surface.  Further increase in 
impact speed results in additional secondary drops being emitted vertically, but the 































































































Figure 4-19. Rebounding of water drops at v of 0.28, 0.42, 1.80, and 2.48 m/s. 
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4.4 Bouncing of Drops at Low Impact Speed 
 
When a low-velocity hydrophilic droplet impacts on a hydrophilic surface, 
sometimes the droplet will bounce off the surface without wetting it, as illustrated in 
Figure 4-20.  This is not expected for a hydrophilic drop impacting on a smooth 
hydrophilic surface.  Among the surfaces used in the present study, bouncing is 
observed mostly on silicon oxide wafer, and it is seldom found on glass slide.  It 
should be noted that bouncing on the hydrophobic surfaces was not observed. 
In the bouncing study, the following four parameters were considered: 1) 
surface tension, 2) viscosity, 3) impact speed, and 4) particle volume fraction. Since 
drop bouncing was mostly observed on silicon oxide wafers, the tests were conducted 
on this surface.  In this study, most of the tests were conducted using distilled water 
without particles.  To investigate the effect of particles, Mixture 1 and 20-µm 
particles at φ of 0, 0.1 and 0.2 were used.  Impact speed of drops of glycerin mixture 
was 0.08 m/s, and those of glycerin and water/surfactant solution were 0.16 m/s.  For 
each drop type, impaction test was repeated at least ten times.  The important 
parameters (including We, Re, and Ca) for bouncing experiments on silicon oxide 


























































Re We Ca 
Water 2.9 N/A 0.08 0 1 72 230 0.26 0.0011 















Mixture 3 2.9 N/A 0.08 0 7.1 72 37 0.29 0.0079 
Water/ 
surfactant 
2.16 N/A 0.16 0 1 33 350 1.7 0.0048 
Glycerin 2.58 N/A 0.16 0 1490a 48.09b 0.31 1.5 5.0 






















aFrom a reference (David R. Lide, CMC Handbook of Chemistry and Physics, 71st Edition, CRC Press, 
Boca Raton, 1990, p. 6-144). 
bFrom a reference (Arthur W. Adamson and Alice P. Gast, Physical Chemistry of Surfaces, 6th Edition, 
John Wiley & Sons, Inc., New York, 1997, p. 36). 
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In Figure 4-21 (a), the probability of bouncing for pure liquids is plotted versus 
Re.  The trend is for the probability of bouncing to decrease as Re increases.  The 
point for glycerin clearly does not fit in with other data points.  The apparent reason 
for this is that the viscosity is much higher than for the other fluids.  Note that the 
chance of bouncing decreases as more glycerin is added to water.  This can be seen in 
Table 4.9 by comparing the results for water, Mixture 1 and Mixture 3, which are for a 
drop size of 2.9 mm and an impact speed of 0.08 m/s.  Note that viscosities of these 
three liquids are 1.0, 2.3 and 7.1 cP, respectively.  Glycerin has a high viscosity (1490 
cP), and the glycerin drop did not bounce at an impact speed of 0.16 m/s, but the water 
drop did bounce for the same impact speed.  These observations suggest that the 
probability of bouncing decreases as viscosity increases and that some other 
dimensionless number other than Re may be better for characterizing bouncing. 
 In Figure 4-21 (b), the probability of bouncing for pure liquids is plotted 
versus We.  The trend is for the probability of bouncing to decrease as We increases.  
The point for water/surfactant does not fit in with other data points.  The apparent 
reason for this is that the surface tension of this liquid is much lower than for the other 








(b) Probability (%) of bouncing versus We 
 
 
Figure 4-21. Probability (%) of bouncing of pure liquid as a function of Re, We, or Ca: 
(a) Probability (%) of bouncing versus Re, (b) Probability (%) of 










































0.08 230 0.26 0.0011 12 9 75 
Mixture 1 
(2.9 mm) 
0.08 110 0.27 0.0026 10 6 60 
Mixture 3 
(2.9 mm) 
0.08 37 0.29 0.0079 10 3 30 
Glycerin 
(2.58 mm) 









































0.16 350 1.7 0.0048 11 2 18 
* 3.2-mm water drops emit secondary drop after it wets the surface.  
 
 105
In Figure 4-21 (c), the probability of bouncing for pure liquids is plotted versus 
Ca.  The trend is for the probability of bouncing to decrease as Ca increases.  The 
points for water/surfactant and Mixture 3 do not fit in with other data points. 
The effect of particles on bouncing was investigated using 20-µm particles 
added to Mixture 1 at φ of 0.1 and 0.2.  As shown in Table 4-10, the addition of 
particles increases viscosity, and consequently Re and Ca, and decreases the 
probability of bouncing.  This is consistent with earlier observations for pure liquids 
where the probability of bouncing decreased with increasing viscosity.  In Figure E-1 
through 3 in Appendix E, the probability of bouncing for both pure and particle-laden 
liquids is plotted versus Re, We and Ca.  
 
 








































*Mixture 1 with 20-µm particles. 
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4.4.1 Initial non-wetting of drop  
 
Even if a low-velocity drop does not bounce from the surface, non-wetting 
behavior of the drop is sometimes observed for hydrophilic drops on both hydrophilic 
and hydrophobic surfaces, but most frequently on the silicon oxide wafer.  The drop 
contacts the surface, but appears not to wet it for sometime after the contact is made.  
When this happens, the D* versus time curve is not straight from the origin to the 
maximum spreading ratio as usually occurs.  An example is shown in Figure 4-22, 
where D* is plotted versus time for a 3.9-mm drop containing 6-µm particles impacting 
at a speed of 0.01 m/s on a silicon oxide surface.  The images in the first three regions 
of this figure show a drop that is in contact with the surface, but is not wetting the 
surface.  In Region I, the drop impacts on surface, and the contact area increases.  
The contact area stays almost constant while the drop shape deforms slowly in Region 
II.  The deformation of the drop is large in Region III; however, the drop still does not 
wet the surface in this region.  The last image in Region III clearly shows the outer 
regions of the drop is not wetting the surface, and the curvature of the drop at the 
contact line resembles that of a bouncing drop at t = 8 ms shown in Figure 4-20.  At 
the beginning of Region IV, the drop finally wets the surface.  Notice that the drop 





Figure 4-22. Changing of drop shape after impact on silicon oxide surface (d = 3.9mm, 






side. Similar behavior was observed in many different cases, and some of them are 
shown in Appendix F.  The non-wetting behavior for these cases and bouncing should 
be related, and a possible explanation for the non-wetting and bouncing behavior is 
that it is caused by air between the surface and the drop as discussed in Chapter 2. 
 
4.4.2 Ejection of secondary drop 
 
When a low-velocity liquid drop impacts on surface, ejection of a secondary 
drop from the top of the impacting drop is sometimes observed.  Ejection of a drop is 
observed for cases when the impacting drop bounces and in other cases where the 
impacting drop does not bounce.  Similar to Thoroddsen et al.’s (2000) observations 
for a liquid drop impacting a liquid surface, a series of up to three, progressively 
smaller drops, is observed. 
Figure 4-23 illustrates drop ejection when a 3.2-mm water drop impacts on a 
silicon oxide wafer with impact speed of 0.08 m/s.  The steps in generating the 
secondary drops are similar to those described by Thoroddsen et al. (2000).  After the 
drop starts to wet the surface, the surface curvature near the contact line changes 
directions.  This is due to spreading capillary waves, which are initiated at the impact 




Figure 4-23. Ejection of secondary drops observed when a 3.2-mm water drop impacts 
at a speed of 0.08 m/s on a silicon oxide wafer. 
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Between 8 and 18 ms, wetting appears to have occurred, the contact line has moved 
outward, and the wave has moved upward, which gives the drop a mushroom-like 
shape.  Between 18 and 24 ms, the contact line continues to move outward, the 
inflection point where the direction of curvature changes moves inward, and the wave 
continues to move upward.  As a result, the drop divides into two parts for t between 
of 24 and 25 ms, producing an ejected drop that moves vertically upward.  The 
ejected drop eventually falls due to gravity, impacts on the mother drop which is 
spread over the surface, and then bounces several times on the mother drop and 
coalesces with it.  During coalescence, the ejected drop ejects a daughter drop. 
























σ       (4.2) 
 
For a 3.2-mm water drop, the range is between 0.2 to 1.5 m/s.  However, drop 
ejection is observed at impact speed lower than 0.2 m/s. 
 
4.5 Effect of Drop Size on Impact Process for Pure Liquid 
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4.5.1. Low impact speed 
 
Figure 4-24 (a) shows D* versus time for different drop sizes (340, 690 and 
2900 µm) for pure liquid drops (Mixture 1) impacting fluorocarbon plasma treated 
silicon wafer and Teflon® film at low impact speed.  Values of Re and We are small, 
but different for each size drop.  The smaller drops spread faster and reach the 
equilibrium spreading ratio, De*, sooner than the bigger drops.  This may be due to 
the extremely low We and small Re for the larger drop.   Similar results (see 
Appendix F) are obtained for the hydrophilic surfaces (glass slide and silicon oxide 
wafer).  In Figure 4-24 (b), D* is plotted as a function of dimensionless time, t*. 
 
d
tvt =*         (4.3) 
 
In Figure 4-24 (b), tm* for d = 340, 690, and 2,900 µm are 1.41, 0.52, and 0.05, 
respectively.  Pasandideh-Fard et al. (1996) suggested that the dimensionless time for 
the drop to reach its maximum spreading ratio is constant (tm* ∼2.67). Pasandideh-Fard 
et al., (1999) found that tm* increased with impact speed, and ranged from 2 to 4 in 




(a) D* versus time 
 
(b) D* versus dimensionless time 
 
Figure 4-24. Effect of drop size on impact process on hydrophobic surfaces 
(fluorocarbon plasma treated silicon wafer for 340- and 690-µm drops 
and Teflon® film for 2.9-mm drop) for Mixture 1.  Impact speed is 0.4 
m/s for 340-µm drop, 0.3 m/s for 690-µm drop, and 0.01 m/s for 2.9-mm 
drop: (a) D* versus time and (b) D* versus dimensionless time. 
 113
Moita et al. (2002) reported values of tm* ranged from 1.3 to 4.25 when a diesel 
oil drop impacted on a smooth Perspex surface for the following conditions and 
parameters: We of 4 – 487, Re of 198 – 2558, drop size of 2.5mm, and impact speed of 
0.22 – 2.47 m/s.  Although other studies (Bechtel et al, 1981; Haferl et al, 2002; 
Dietzel et al., 2003) used t* for tracking time during the impact process, no values of 
tm* were given. 
 
 4.5.2 High impact speed 
 
Figure 4-25 (a) shows D* versus time for different drop sizes (340 and 2900 
µm) for pure liquid drops impacting a hydrophobic surface (fluorocarbon plasma 
treated silicon wafer for 340-µm drop and Teflon® film for 2.9-mm drop) at 2 m/s.  
The small drop spreads faster and reaches the equilibrium spreading ratio, De*, sooner 
than the bigger drop.  Similar results (see Appendix G6 and 7)) are obtained for the 
hydrophilic surfaces (glass slide and silicon oxide wafer).  When D* is plotted against 
t*, tm* of 690- and 2900-µm drops are similar and is in the range of 1.74 – 3.45.  
For the small drops impacting the hydrophobic surfaces, oscillations around the 
equilibrium value of De* is observed, as shown in Figure 4-26.  The drop reaches its 
maximum spreading ratio very quickly (about 0.4 ms after impact); it still has enough  
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(a) D* versus time. 
 
 




Figure 4-25. Effect of drop size on impact process on hydrophobic surfaces for pure 







Figure 4-26. Oscillation of 690-µm pure liquid drop impacting a speed of 2 m/s on a 






kinetic energy to spread further.  After it reaches its equilibrium spreading ratio (t ∼ 2 
ms), the drop expands and contracts until 20 ms and stops. 
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5.1 Theoretical Model for Dm* 
 
 A model for predicting Dm* for particle-laden drops impacting solid surfaces 
was sought.  The approach was to modify existing models for predicting Dm* for pure 
liquid drops by including particle related parameter such as dp/d and φ.   
When apparent viscosity of the particle-laden liquid obtained from Krieger’s 
equation (1972) was used in the pure liquid models, good agreement between model 
predictions and experimental results was obtained.  Thus, particle volume fraction is 
used in the model, but dp/d is not.  Predictions based on three models (Pasandideh-
Fard et al. (1996), Mao et al. (1997), and Park et al. (2003)) are discussed in this 
chapter.  These models are shown in Table 5-1. 
Figure 5-1 shows the comparison of the measured maximum spreading ratio 
and modeled predictions for the particle-laden drop on glass slide, silicon oxide wafer, 




Table 5-1. Models used to predict Dm* for particle-laden drops impacting solid surfaces. 
 
Models 






































































D*m : maximum spreading ratio 
θ : equilibrium contact angle 


































and 0.3 m/s, Pasandideh-Fard et al.’s and Mao et al.’s model greatly over estimate Dm*, 
especially for the low contact angle; however, Park et al.’s model is in close agreement 
with the experimental results.  For low impact speeds, Park et al.’s model gives better 
results because it is assumed that the drop shape is a cap of sphere at the maximum 
spreading state while other models (Pasandideh-Fard et al. (1996) and Mao et al. 
(1997)) assume that it is cylindrical. 
For v = 2 m/s, Mao et al.’s model over estimates some values while 
Pasandideh-Fard et al. and Park et al.’s models are good agreement with the measured 
maximum spreading ratio as shown in Figure 5-2.  For large drop sizes (3.4 to 4.0 
mm), Pasandideh-Fard et al. and Park et al.’s model predictions are close to the 
experimental values, but Mao et al.’s model over estimates Dm* for most of the cases.   
Model predictions for all tests are compared with measured Dm* in Appendix 
H. 
 
5.2 Prediction of rebounding using Mao et al.’s (1997) Model. 
 
 The only available model for predicting whether or not rebounding will occur 













(1997) was developed using data for water drops ranging in size from 2.5 to 2.7 mm, 
impact speed ranging from 0.55 – 4.58 m/s, Re ranging from 1,485 to 10,044, and We 
ranging from 11.2 to 513. 5.2 Prediction of rebounding using Mao et al.’s Model 
(1997). 
 The only available model for predicting whether or not rebounding will occur 
was developed by Mao et al. (1997), which was discussed in Chapter 2.  Their model 
was developed using data for water drops ranging in size from 2.5 to 2.7 mm, impact 
speed ranging from 0.55 – 4.58 m/s, Re ranging from 1,485 to 10,044, and We ranging 
from 11.2 to 513.  
 When excessive energy, ∆E*ERE, in Mao et al.’s model, is greater than zero, 
rebounding is predicted.  In Figure 5-3, ∆E*ERE is plotted against Dm* for several 
contact angles.  The plot shows that for θ = 90, 95, and 112o, rebounding is predicts 
when Dm* is greater than 2.03, 2.74, and 3.11, respectively. 
In Table 5-2, Mao et al.’s model predictions are compared with experimental 
results for pure liquids.  For the larger drops, Mao et al.’s model correctly predicted 
that rebounding occurs for all of the drop sizes except for the 690-µm drop.  It 
predicts that the 690-µm drops will rebound; however, rebounding is not observed in 
the experiments.  It should be noted that the drop size and Re for the 690-µm drop 







Figure 5-3. Excessive energy, E*ERE, versus the maximum spreading ratio for contact 











Table 5-2. Summary of rebounding results for pure liquid drops impacting on Teflon® 
film. 
 
Does rebounding occur? 
Liquid d (mm) 
v 
(m/s) θ Re We Ca Dm
* Experimental 
Result 
Mao et al.’s 
prediction 
Mixture 1 0.69 2 112 640 41 0.064 2.19 No Yes 
S1 2.7 2 95 5400 160 0.030 3.60 Yes Yes 




































































































* Obtained using Mao et al.’s model (1997) for Dm*. 




In Table 5-3, Mao et al.’s model’s predictions are compared with experimental 
results for particle-laden drops impacting Teflon® film at impact speeds of 2 and 2.55 
m/s.  The model predicts that rebounding will occur in all 27 of the particle-laden 
tests, but in the experiments rebounding occurs in only 14 of them. No modification of 
model was the made to account for particles; however, Krieger’s viscosity was used 
for computing Dm* using Mao et al.’s model (1997). The failure of the model indicates 
that the effect of particles on rebounding is due to factors other than viscosity.  
Rebounding does not occur for high volume fractions for any particle size. As 
discussed earlier, at high φ, there are sufficient particles present in the thread that their 
individual motions are restricted and the necking of the thread is slowed; therefore, for 
φ of 0.2 and 0.3, the particle volume fraction was sufficiently high to prevent pinch-off. 
Rebounding was suppressed for drops containing 6- and 250-µm particles at φ as low 
as 0.1. With the 250-µm particles, the speed on retraction is slowed, which is probably 
associated with the size of the particles. For these drops at an impact speed of 2 m/s, 
the ratio of thickness of the drop at Dm* to the particle size (hm/dp) of is approximately 
1. The reason rebounding does not occur for the drops containing 6-µm particles at φ = 
0.1 is not clear, but probably related to the phenomenon observed in Figure 4-11 (a) 
where some of the 6-µm particles appear to be left behind during retraction when 
particle-laden drops at φ = 0.3 impact on Teflon® film. 
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Table 5-3. Summary of rebounding of particle-laden liquid on Teflon® film. 
 
Does rebounding occur? 






























































































































































































































































The effects of particles on the impact process are discussed in this dissertation.  
Bouncing and ejection of droplet for low impact speeds are also discussed.  The 
energy balance model for maximum spreading ratio of pure liquid drop is adapted to 
predict the maximum spreading ratio for particle laden liquid. Also Mao et al.’s (1997) 
model for rebounding is evaluated. 
The effect of particle volume fraction on the spreading process depends on 
impact speed and substrate.  At low impact speed, particles have little effect on the 
spreading except for surfaces where the equilibrium contact angle is low.  For this 
case, the maximum spreading ratio of particle-laden drop is lower than that of pure 
liquid drop.  The liquid spreads to the equilibrium spreading ratio with almost no 
overshoot for the glass slide and silicon oxide wafer, and with a small overshoot for 
the Teflon® film (for the 690-µm drop, no overshoot occurs on Teflon® film).  For 
high impact speed, the influence of particles on spreading can largely be described by 
the effective viscosity: as particle volume fraction is increased, viscosity increases, and 
Re is decreased; as a result, the particle-laden liquid does not spread as far as pure 
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liquid. 
The effect of particle size on the spreading process also depends on impact 
speed and substrate.  Since spreading is dominated by liquid-surface interfacial 
energy at low impact speed, the drop does not have enough kinetic energy to overcome 
the energy barrier associated with the large particles, consequently Dm* is lower for the 
drop containing 250-µm particles.  The effect of particle size is small for the impact 
speed of 2 m/s and for φ = 0.1 and 0.2.  For all surfaces and φ = 0.3, Dm* is largest for 
dp = 40 µm, second largest for dp = 250 µm, and smallest for dp = 6 µm; however, the 
difference in Dm* for the glass slide and silicon oxide wafer is small.   
For particle-laden liquids, retraction depends on particle volume fraction, φ, 
and ratio of particle diameter to drop diameter, dp/d.  When pure liquid drops retract 
from Dm*, the retraction appears to be symmetric around the point of impaction.  In 
contrast, sometimes retraction of the particle-laden drop is asymmetric.  The wetted 
area is not circular and particle distribution appears to be non-uniform.  Drops 
containing 250-µm particles do not retract beyond the equilibrium position even for 
φ = 0.1 while other drops retract beyond the equilibrium position. 
Rebounding on the Teflon® surface depends on impact speed, particle volume 
fraction and particle size.  The impact speed must reach a critical value for 
rebounding to occur.  For 3.2-mm water drops, rebounding is observed at an impact 
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speed as low as 0.42 m/s.  The addition of particle affects rebounding.  At low 
concentrations, the drop stretches further up before a drop is pinched off; however, if 
particle fraction is increased sufficiently, no rebounding occurs.  Particles increase the 
viscosity of the liquid, and at high φ, the viscosity is sufficiently high to prevent pinch-
off.  At low φ, stretching for the particle-laden fluid is greater that of pure liquid and 
pinch-off can occur at a weak point devoid of particles. 
For larger pure liquid drops, Mao et al.’s rebounding model (1997) correctly 
predicts when rebounding occurs; however, it fails for the 690-µm pure liquid drop and 
for most of the particle-laden drops, especially for high φ.  The failure of the model 
indicates that the effect of particles on rebounding are due to factors other than 
apparent viscosity. 
Bouncing results suggest that the probability of bouncing decreases as viscosity 
increases, impact speed increases, and surface tension decreases.  The non-wetting 
behavior and bouncing probably involves an air layer between the surface and the drop, 
and further work is needed. 
When a low-velocity liquid drop impacts on a surface, ejection of a secondary 
drop from the top of the impacting drop is sometimes observed.  Drop ejection is due 
to a spreading capillary wave, which is initiated at the impact point and progresses 
from the bottom of the drop to the top of the drop. The ejected drop eventually falls 
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due to gravity, impacts on the mother drop which is spread over the surface, and then 
bounces several times on the mother drop and coalesces with it.  During coalescence, 
the ejected drop sometimes ejects a daughter drop.  When Renardy et al.’s (2003) 
criteria for the range of velocities for existence of a capillary wave is applied to for a 
3.2-mm water drop, the range is found to be between 0.2 to 1.5 m/s.  However, drop 
ejection was observed at impact speed of 0.08 m/s. 
Smaller drops spread faster and reach the equilibrium spreading ratio, De*, 
sooner than the bigger drops for low and high impact speeds. 
When apparent viscosity of the particle-laden liquid obtained from Krieger’s 
equation (1972) was used in the pure liquid models for predicting Dm*, good 
agreement between model predictions and experimental results was obtained.  For 
impact speeds of 0.01 m/s and 0.3 m/s, Pasandideh-Fard et al.’s (1996) and Mao et 
al.’s (1997) model greatly over estimate Dm*, especially for the low contact angle; 
however, Park et al.’s model (2003) is in close agreement with the experimental results.  
For an impact speed of 2 m/s, Mao et al.’s (1997) model overestimated some values 
while Pasandideh-Fard et al. (1996) and Park et al.’s (2003) models are good 









The present study is a first attempt to understand the effect of particles on 
impact process, and many areas are still open for further study.  
Almost all of the investigations on the impacting and spreading of liquid drops 
on solid surfaces have been limited to smooth surfaces.  Surface morphology such as 
roughness and surface energy is important in inkjet printing on textiles.  Study of the 
impacting, spreading, and wicking on textile-like surfaces is needed.  The study could 
use various surfaces with filament yarns mounted on smooth surfaces.  The surfaces 
should have different levels of surface energy, such as nylon, polypropylene, and 
cellulose acetate.  Also, it is suggested that images of real inkjet drops impacting and 
spreading on real fabrics be taken.  The research should lead to a better understanding 
of the effects of surface roughness on the impacting and spreading process. 
As shown in Chapter 4, rebounding behavior can be greatly affected by 
particles.  It may be related with elongational viscosity being lower for higher particle 
volume fraction.  McKinley and Sridhar (2002, 2004) developed a liquid bridge 
 131
apparatus which consists of two endplates with liquid between them.  The endplates 
are pulled apart in a constant speed, and the deformation of the liquid stretching can be 
studied.  This technique has been mostly used to study the stretching of complex 
polymer fluids.  Using this technique, the motions of the particles within a stretching 
liquid column could be studied, as well as particle interactions with the free surface.  
Even though measuring quantitative values of elongational viscosity is difficult, one 
can use qualitative values of the particle-laden liquid relative to those of pure liquid.  
By using qualitative elongational viscosity of particle-laden liquid, effects of φ and dp 






BASIS FOR USING APPARENT VISCOSITY CALCULATED USING 
KRIEGER’S EQUATION FOR THE PARTICLE-LADEN LIQUIDS 
 133
Reynolds number (Re = ρvd/η) is an important dimensionless group in drop 
impaction studies.  Thus, viscosity, η, is needed in calculating this important 
dimensionless group.  For pure liquids, η can be obtained from the literature or by 
measurement.  Determining η for particle-laden liquids is more difficult since it is not 
available in the literature and measurements of apparent viscosity of particle-laden 
liquids is difficult.  In this dissertation research, viscosity was obtained in two ways.  
One was measuring the apparent viscosity of the particle-laden liquids using a 
Brookfield viscometer.  The other (referred to as Krieger’s viscosity) was by using 
Krieger’s equation (1972).  Tests using several particle-laden liquids were conducted 
to determine which viscosity would be used in presenting the results of this 
dissertation research.  For each particle-laden liquid, two pure liquid mixtures of 
water and glycerin were made.  One had a viscosity that match the measured viscosity, 
and the other had a viscosity that matched Krieger’s viscosity.  Impact tests were 
conducted using the particle-laden liquids and the matching pure liquid mixtures, and 
D* versus time (t) plots were made.  The purpose of the tests was to determine which 
method of determining apparent viscosity would give better fits between the plots for 
the particle-laden liquid and those for the pure liquid.  When the plots of the pure 
liquid drops were compared with those for the particle-laden drops, much better 
agreement was obtained for the pure liquid drops with viscosities matching Krieger’s 
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viscosity.  Comparison of the plots revealed that during spreading, the D* versus t 
plots of the pure liquid drops with viscosities matching Krieger’s viscosity agreed 
much closer with those for the particle-laden drops.  Based on these results, Krieger’s 
viscosity was used for calculating Re in this dissertation.  It should be noted that 
during retraction from Dm*, the D* versus t plots of the particle-laden drops are usually 
different from those for the pure liquid drops with viscosities obtained by either 
method.  This result indicates that behavior of particle-laden drops during retraction 
can not be accounted for simply by proper selection of apparent viscosity. 
 In the tests discussed above, 40-µm particles were used with Mixtures 2 and 3 
to produce particle-laden liquids with volume fractions of 0, 0.1, and 0.2.  Plots of D* 
versus t for the particle-laden drops are compared with those based on measured 
viscosity in Figure A-1.  Note that close agreement was not obtained using measured 
viscosity.   
 The 40-µm particles were also used with Mixtures 4, 5, and 6 to produce 
particle-laden liquids with volume fractions of 0, 0.1, 0.2, and 0.3.  Plots of D* versus 
t for the particle-laden drops are compared with those based on Krieger’s viscosity in 













Figure A-1. Comparison of impact process of pure liquid (Mixtures 2 and 3) drops 
with those of particle-laden (40-µm particles) drops with Re based on 
measured viscosity. Drops impact at a speed of 2 m/s on Teflon film. 
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(a) Glass slide 
 
 
(b) Silicon oxide wafer 
 
Figure A-2. Comparison of impact process of pure liquid (Mixtures 4, 5, and 6) drops 
with those of particle-laden (40-µm particles) drops with Re based on 
Krieger’s viscosity. Drops impact at a speed of 2 m/s on: (a) glass slide, 




























Figure A-3. Comparison of impact process of pure liquid (Mixtures 4, 5, and 6) drops 
with those of particle-laden (40-µm particles) drops with Re based on 







SPREADING RATIO VERSUS TIME 
 140
In Figure B-1 and 2, spreading ratio, D*, is plotted against time for a 690-µm 
drop containing either 20 or 40-µm particles with impact speeds of 0.3 and 2 m/s 
impacting on three surfaces: glass slide, silicon oxide, and fluorocarbon plasma treated 
silicon wafer.  In Figure B-3 and 5, spreading ratio, D*, is plotted as a function of 
time for 2.9-mm drop containing 20-µm particles with impact speeds of 0.01, 1, and 2 
m/s impacting on five surfaces: glass slide, silicon oxide wafer, silicon wafer, HMDS 
coated silicon wafer, and Teflon® film.  In Figure B-6 and 7, the plot of spreading 
ratio, D*, versus time is for 2.9-mm drop containing 40-µm particles with impact 
speeds of 0.01 and 2 m/s impacting on five surfaces: glass slide, silicon oxide wafer, 
silicon wafer, HMDS coated silicon wafer, and Teflon® film.  The impact process of 
particle-laden fluid is illustrated for a drop containing 6-, 40-, and 250-µm particles in 
M1S100 solution in Figure B-8 to 13.  Three surfaces (glass slide, silicon oxide, and 
Teflon® film) are used, and the impact speed is varied from 0.01 to 2 m/s.  In Figure 
B-14 and 15, D* is plotted against time for a drop containing 0.47-µm particles 
impacting on glass slide, silicon oxide wafer, and Teflon® film with impact speed of 
0.01 and 2 m/s. 
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(a) Glass slide 
 
(b) Silicon oxide wafer 
 
 
Figure B-1.  Impact process of particle-laden fluid. The particles were dispersed in 
Mixture 1, the drop size is 690µm, and the impact speed is about 
0.3m/s: (a) glass slide, (b) silicon oxide wafer, and (c) fluorocarbon 


















(a) Glass slide 
 
 
(b) Silicon oxide wafer 
 
Figure B-2. Impact process of particle-laden fluid.  The particles were dispersed in 
Mixture 1, the drop size is 690µm, and the impact speed is about 2m/s: (a) 










Figure B-2. (continued). 
 
 





(a) Glass slide 
 
(b) Silicon oxide wafer 
 
 
Figure B-3. Impact process of particle-laden fluid. The 20-µm particles were dispersed 
in Mixture 1, the drop size is 2.9mm, and the impact speed is about 
0.01m/s:  (a) glass slide, (b) silicon oxide wafer, (c) silicon wafer, (d) 
HMDS coated silicon wafer and (e) Teflon® film. 
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(c) Silicon wafer 
 
 
(d) HMDS coated silicon wafer 
 
 










Figure B-3. (continued). 
 
 






 (a) Silicon oxide wafer 
 
(b) Silicon wafer 
 
Figure B-4. Impact process of particle-laden fluid. The 20-µm particles were dispersed 
in Mixture 1, the drop size is 2.9mm, and the impact speed is about 1m/s: 
(a) silicon oxide wafer, (b) silicon wafer, (c) HMDS coated silicon wafer 





Figure B-4. (continued). 
 
(c) HMDS coated silicon wafer 
 






(a) Glass slide 
 
(b) Silicon oxide wafer 
 
 
Figure B-5. Impact process of particle-laden fluid. The 20-µm particles were dispersed 
in Mixture 1, the drop size is 2.9mm, and the impact speed is about 2m/s:  
(a) glass slide, (b) silicon oxide wafer, (c) silicon wafer, (d) HMDS coated 
silicon wafer and (e) Teflon® film. 
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Figure B-5. (continued). 
 
 
(c) Silicon wafer 
 













Figure B-5. (continued). 
 





(a) Glass slide 
 
(b) Silicon oxide wafer 
 
 
Figure B-6. Impact process of particle-laden fluid. The 40-µm particles were dispersed 
in Mixture 1, the drop size is 2.9mm, and the impact speed is about 
0.01m/s:  (a) glass slide, (b) silicon oxide wafer, (c) silicon wafer, (d) 
HMDS coated silicon wafer and (e) Teflon® film.
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(c) Silicon wafer 
 











Figure B-6. (continued). 
 
 




(a) Glass slide 
 
(b) Silicon oxide wafer 
 
 
Figure B-7. Impact process of particle-laden fluid. The 40-µm particles were dispersed 
in Mixture 1, the drop size is 2.9mm, and the impact speed is about 2m/s: (a) glass 
slide, (b) silicon oxide wafer, (c) silicon wafer, (d) HMDS coated silicon wafer and (e) 
Teflon® film.
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Figure B-7. (continued). 
 
 
(c) Silicon wafer 
 











Figure B-7. (continued). 
 
 





(a) Glass slide 
 
(b) Silicon oxide wafer 
 
 
Figure B-8. Impact process of particle-laden fluid. The 6-µm particles were dispersed 
in Mixture 1 with 100ppm surfactant, the drop size is 3.9mm, and the 











Figure B-8. (continued). 
 
 






(a) Glass slide 
 
(b) Silicon oxide wafer 
 
 
Figure B-9. Impact process of particle-laden fluid. The 6-µm particles were dispersed 
in Mixture 1 with 100ppm surfactant, the drop size is 3.9mm, and the 











Figure B-9. (continued). 
 






(a) Glass slide 
 
(b) Silicon oxide wafer 
 
 
Figure B-10. Impact process of particle-laden fluid. The 40-µm particles were 
dispersed in Mixture 1 with 100ppm surfactant, the drop size is 3.9mm, 
and the impact speed is about 0.01m/s: (a) glass slide, (b) silicon oxide 










Figure B-10. (continued). 
 
 






(a) Glass slide 
 
(b) Silicon oxide wafer 
 
 
Figure B-11. Impact process of particle-laden fluid. The 40-µm particles were 
dispersed in Mixture 1 with 100ppm surfactant, the drop size is 3.9mm, 
and the impact speed is about 2m/s: (a) glass slide, (b) silicon oxide wafer, 









Figure B-11. (continued). 
 
 






(a) Glass slide 
 
(b) Silicon oxide wafer 
 
 
Figure B-12. Impact process of particle-laden fluid. The 250-µm particles were 
dispersed in Mixture 1 with 100ppm surfactant, the drop size is 3.9mm, 
and the impact speed is about 0.01m/s: (a) glass slide, (b) silicon oxide 











Figure B-12. (continued). 
 
 






(a) Glass slide 
 
(b) Silicon oxide wafer 
 
 
Figure B-13. Impact process of particle-laden fluid. The 250-µm particles were 
dispersed in Mixture 1 with 100ppm surfactant, the drop size is 3.9mm, 
and the impact speed is about 2m/s: (a) glass slide, (b) silicon oxide wafer, 










Figure B-13. (continued). 
 
 





(a) Glass slide 
 
(b) Silicon oxide wafer 
 
 
Figure B-14. Impact process of particle-laden fluid. The 0.47-µm particle-laden fluid 
were used, and the impact speed was about 0.01m/s: (a) glass slide, (b) 












Figure B-14. (continued). 
 
 





(a) Glass slide 
 
 
(b) Silicon oxide wafer 
 
 
Figure B-15. Impact process of particle-laden fluid. The 0.47-µm particle-laden fluid 
were used, and the impact speed was 2m/s: (a) glass slide, (b) silicon 










Figure B-15. (continued). 
 
 









EQUILIBRIUM SPREADING RATIO 
 176
 When a small drop is placed on a solid surface, it takes the form of a spherical 
cap with an equilibrium contact angle θ.  Ford and Furmidge (1967) derived the 


















eD .  The calculated De
* is plotted against equilibrium 
contact angle in Figure C-1.  The calculated De* for the surfaces used in this study are 










Table C-1. Equilibrium contact angle of distilled water on surfaces and calculated 
equilibrium spreading ratio 
 















Table C-2. Equilibrium contact angle of distilled water containing 100ppm surfactant 
and calculated equilibrium spreading ratio. 
 















Table C-3. Equilibrium contact angle of 0.47µm-polystyrene solution and calculated 
equilibrium spreading ratio. 
 

















EFFECT OF PARTICLE SIZE ON IMPACT PROCESS 
 179
The effect of particle size on impact process is shown in Figure D-1 through 6.  
Three surfaces (glass slide, silicon oxide wafer, and Teflon® film) are used.  The drop 
contains either 6-, 40-, or 250-µm particles, and the volume fractions are varied from 





(a) Glass slide 
 
 
Figure D-1. Effect of particle size on impact. The drop size is 3.9mm with φ = 0.1 and 
the impact speed is about 0.01 m/s: (a) glass slide, (b) silicon oxide wafer, 





Figure D-1. (continued). 
 
(b) Silicon oxide wafer 
 
 





(a) Glass slide 
 
(b) Silicon oxide wafer 
 
 
Figure D-2. Effect of particle size on impact. The drop size is 3.9mm with φ = 0.2 and 
the impact speed is about 0.01 m/s: (a) glass slide, (b) silicon oxide wafer, 











Figure D-2. (continued). 
 
 




(a) Glass slide 
 
(b) Silicon oxide wafer 
 
 
Figure D-3. Effect of particle size on impact. The drop size is 3.9mm with φ = 0.3 and 
the impact speed is about 0.01 m/s: (a) glass slide, (b) silicon oxide wafer, 












Figure D-3. (continued). 
 




(a) Glass slide 
 
(b) Silicon oxide wafer 
 
 
Figure D-4. Effect of particle size on impact. The drop size is 3.9mm with φ = 0.1 and 













Figure D-4. (continued). 
 
 




(a) Glass slide 
 
(b) Silicon oxide wafer 
 
 
Figure D-5. Effect of particle size on impact. The drop size is 3.9mm with φ = 0.2 and 
























(a) Glass slide 
 
(b) Silicon oxide wafer 
 
 
Figure D-6. Effect of particle size on impact. The drop size is 3.9mm with φ = 0.3 and 












Figure D-6. (continued). 
 
 










PROBABILITY OF BOUNCING VERSUS DIMENSIONLESS NUMBERS 
 192
The effect of particles on bouncing was investigated using 20-µm particles 
added to Mixture 1 at φ of 0.1 and 0.2.  In Figure E-1 through 3, the probability of 


































EXAMPLES OF NONWETTING OF DROP AT LOW IMPACT SPEED 
 195
Even if a low-velocity drop does not bounce from the surface, non-wetting 
behavior of the drop is sometimes observed for hydrophilic drops on both hydrophilic 
and hydrophobic surfaces, but most frequently on the silicon oxide wafer.  The drop 
contacts the surface, but appears not to wet it for sometime after the contact is made.  
When this happens, the D* versus time curve is not almost straight from the origin to 
the maximum spreading ratio as usually occurs. Examples are shown in Figure E-1 to 
3, which illustrates D* versus time until 10 ms for a 2.7-mm drop containing 0.47-µm 
particles impacting at a speed of 0.01 m/s on three surfaces: glass slide, silicon oxide 
wafer, and Teflon® film.  The images in the first three regions of this figure show a 
drop that is in contact with the surface, but is not wetting the surface.  In Region I, the 
drop impacts on surface, and the contact area increases.  The contact area stays 
almost constant while the drop shape deforms slowly in Region II.  The deformation 
of the drop is large in Region III; however, the drop still does not wet the surface in 





Figure F-1. Changing of drop shape after impact on glass slide surface (d = 2.7 mm, 







Figure F-2. Changing of drop shape after impact on silicon oxide wafer surface (d = 






Figure F-3. Changing of drop shape after impact on Teflon® film surface (d = 2.7 mm, 







EFFECT OF DROP SIZE ON IMPACT PROCESS 
 200
Figure G-1 to 6 show D* versus time for different drop sizes (340, 690, and 
2900 µm) for pure liquid drops impacting a hydrophobic surface at 0.01 and 2 m/s.  
The small drop spreads faster and reaches the equilibrium spreading ratio, De*, sooner 





(a) D* versus time 
 
(b) D* versus dimensionless time 
 
 
Figure G-1. Effect of drop size on impact process on glass slide surfaces for pure 
liquid. Impact speed is 0.4 m/s for 340-µm drop, 0.3 m/s for 690-µm drop, 




(a) D* versus time 
 
(b) D* versus dimensionless time 
 
 
Figure G-2. Effect of drop size on impact process on silicon oxide surfaces for pure 
liquid. Impact speed is 0.4 m/s for 340-µm drop, 0.3 m/s for 690-µm drop, 




(a) D* versus time 
 
(b) D* versus dimensionless time 
 
 
Figure G-3. Effect of drop size on impact process on hydrophobic surfaces for pure 
liquid. Impact speed is 0.4 m/s for 340-µm drop, 0.3 m/s for 690-µm drop, 




(a) D* versus time 
 
(b) D* versus dimensionless time 
 
 
Figure G-4. Effect of drop size on impact process on glass slide surfaces for pure 




(a) D* versus time 
 
(b) D* versus dimensionless time 
 
 
Figure G-5. Effect of drop size on impact process on silicon oxide surfaces for pure 




(a) D* versus time 
 
(b) D* versus dimensionless time 
 
 
Figure G-6. Effect of drop size on impact process on hydrophobic surfaces for pure 








COMPARISON OF MEASURED Dm* WITH MODEL PREDICTIONS 
 208
Table H-1 to 11 and Figure H-1 to 4 show the comparison of the measured 
maximum spreading ratio and model predictions value for the particle-laden drop on 
glass slide, silicon oxide wafer, and Teflon® film for low and high impact speed 
experiments.  For impact speeds of 0.01 m/s and 0.3 m/s, Pasandideh-Fard et al.’s 
(1996) and Mao et al.’s (1997) model greatly over estimate Dm*, especially for the low 
contact angle; however, Park et al.’s (2003) model is in close agreement with the 
experimental results.  For low impact speeds, Park et al.’s model gives better results 
because it is assumed that the drop shape is a cap of sphere at the maximum spreading 
state while other models (Pasandideh-Fard et al. (1996), Mao et al. (1997)) assume 
that it is cylindrical.  For an impact speed of 2 m/s, Mao et al.’s (1997) model over 
estimates some values while Pasandideh-Fard et al. (1996) and Park et al.’s (2003) 
models are good agreement with the measured maximum spreading ratio.  For large 
drop sizes (3.4 to 4.0 mm), Pasandideh-Fard et al.’s and Park et al.’s model predictions 
are close to the experimental values, but Mao’s model over estimates Dm* for most of 





Table H-1.  Comparison of measured Dm* with model predictions for 690-µm drops 
impacting glass slide. 
 
Modeled Dm* v 
(m/s) 
dp 


























































































Table H-2.  Comparison of measured Dm* with model predictions for 690-µm drops 
impacting silicon oxide wafer. 
 
Modeled Dm* v 
(m/s) 
dp 


























































































Table H-3.  Comparison of measured Dm* with model predictions for 690-µm drops 
impacting Teflon® film. 
 
Modeled Dm* v 
(m/s) 
dp 





























































































Table H-4.  Comparison of measured Dm* with model predictions for 2.7-mm drops 













































Table H-5.  Comparison of measured Dm* with model predictions for 2.7-mm drops 












































Table H-6.  Comparison of measured Dm* with model predictions for 2.7-mm drops 











































Table H-7.  Comparison of measured Dm* with model predictions for 2.9-mm drops 
impacting glass slide. 
 
Modeled Dm* v 
(m/s) 
dp 









































































































Table H-8.  Comparison of measured Dm* with model predictions for 2.7-mm drops 
impacting silicon oxide wafer. 
 
Modeled Dm* v 
(m/s) 
dp 









































































































Table H-9.  Comparison of measured Dm* with model predictions for 2.7-mm drops 
impacting Teflon® film. 
 
Modeled Dm* v 
(m/s) 
dp 






































































































* imaginary number was obtained. 
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Table H-10. Comparison of measured Dm* with model predictions for 3.9-mm drops 
impacting glass slide. 
 
 Modeled Dm* v 
(m/s) 
dp 


















































































































































































Table H-11. Comparison of measured Dm* with model predictions for 3.9-mm drops 
impacting silicon oxide wafer. 
 
 Modeled Dm* v 
(m/s) 
dp 




















































































































































































Table H-12.  Comparison of measured Dm* with model predictions for 3.9-mm drops 
impacting Teflon® film. 
 
 Modeled Dm* v 
(m/s) 
dp 



















































































































































































(a) Impact speed of 0.01 m/s. 
 
 
(b) Impact speed of 2 m/s. 
 
Figure H-1. Comparison of Measured Dm* for d = 690 µm with model predictions: (a) 
Impact speed of 0.01 m/s and (b) impact speed of 2 m/s. 
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(a) Impact speed of 0.01 m/s. 
 
 
(b) Impact speed of 2 m/s. 
 
 
Figure H-2. Comparison of Measured Dm* for d = 2.7 mm with model predictions: (a) 




(a) Impact speed of 0.01 m/s. 
 
 
(b) Impact speed of 2 m/s. 
 
Figure H-3. Comparison of Measured Dm* for d = 2.9 mm with model predictions: (a) 




(a) Impact speed of 0.01 m/s. 
 
 
(b) Impact speed of 2 m/s. 
 
Figure H-4. Comparison of Measured Dm* for d = 3.9 mm with model predictions: (a) 






AFM IMAGES OF SILICON OXIDE WAFER, SILICON WAFER,  
AND TEFLON® FILM 
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(b) Roughness analysis 
 
 









(b) Roughness analysis 
 
 




(a) Scanned image 
 
 
(b) Roughness analysis 
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